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In this investigation, we report a study of the physical
properties of CdS thin films deposited on glass sutrates
using a chemical-spraying method and the application of these
films in the making of Cu2S-CdS solay cells by a dipping method.
Extensive studies of the CdS thin film solar cells fa-
bricated by the above method had not yet been published in the
literature. the aims of the present investigation includes:
l. to study the electrical & optical properties of the chemical-
ly sprayed thin films prepared under differnt coditione (e.g.
spray rate, substrate temperature, etc.), 2. to observe the
effects of post-fabrication heat treatment, film thickness and
oxygen absorption, 3. to investigate how well chemically sprayed
CdS thin films can be used in the making of solar cells using
the dipping method, 4. to standardise the experimental tech-
niques necessary in cell fabrication, 5. to determine the
physical properties of the cell so as to suggest a model (or
to modify the existing models) to account for the properties
of the cells.
Results of conductivity, thermoelectric and photother-
moelectric measurements show that reasonably good CdS films
can be obtained with a deposition rate less than 400°a/min
at a substrate temperature between 270°C and 380°C and the
atomization from the nozzle of the spraying head must be
extremely fine. The dark conductivity of our films thinner
than 0.6/m are extremely low and photosensitivity are high
2(103- 104) whereas thicker films are less photosensitive and
structurably more stable. The observed change in conductivity
due to film thickness or photoexcitation is mainly related to
the change in mobility. This change is consistent with the
Petritz grain-boundary and the surface-scattering theories.
The as-prepared films normally have a high carrier concentra-
tion (1016-1017cm-3).
Chemisoption of oxygen is important in thinner films and
is one of the main causes for the observed low dark mobility.
Heat treatment in a nitrogen atmosphere can cause oxygen-
desorption and as a consequence, the mobility can reach values
comparable to that of the thicker films,
The maximum short circuit current and open circuit volt-
age of our samples are found to be 6.2 mA/cm2 and 0.43 V
respectively inAapprozimate white tungsten light of 100 mW/cm2
From the extensive measurements made on the different cells
for various fabrication and post-fabrication treatments, we
have arrived at a standard method for the fabrication of the
chemically sprayed CdS-Cu2S solar cells.
Many phenomena observed in our cells can be described by
the trapping of positive charges at and near the interface
about 1.5 eV from the conduction band. The threshold of any
significant spectral response at l um and the observed peaks
at 0.68 m and 0.49 rria have been mainly due to the direct and
indirect band gaps absorption in the copper sulfide and the
band to band absorption in the cadmium sulfide. The extrinsic
spectral response of the Cu2S-CdS heterojunction is due
3primarily to the generation of electron--hole pairs in the
Cu2S layer, followed by the transfer of the photoexcited
electrons across the interface into the CdS.
Interface states, grain. boundaries and deep levels are
sensitive to heat treatment. On the other hand the diffusion
of copper out of the Cu2S into the CdS side widens the barrier
layer and at the same time will cause a reduction of the
copper content in the Cu2S layer at the junction. The overall
effect is a consequent deterioration of the cell performance
after excess heat-treatment.
A proposed band configuration has been constructed and
found to be consistent with most of the properties found in
our cells,
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Development of CdS polycrystalline films has attracted
1-2
considerable attention because of their actual and
potential uses in semiconductor devices. This includes
photocells and other photoconductive devices, light
amplifiers, vidicons, phosphors and electroluminescent
devices, radiation detectors and more recently thin film
transistors and diodes, piezoelectric devices arid electron
beam pumped lasers, The most attractive feature of CdS
thin films is its potential as a possible substitute for
silicon solar cell for terrestial application. It offers
the advantages of lower cost, especially for chemically
4-7
spraying method r , and lower weight per watt power output.
i t'lL
However, despiteAconsiderable effort, the basic mechanisms
involved in photoresponse have remained somewhat obscure
and there is still no consensus of opinion as to the shape
of the potential energy barrier at the junction between
the p-type GuS and the n-type CdS, nor of the detailed
processes which occur during fabrication, post-fabrication
treatment and operation of the cell.
Many studies have been made on CdS single crystal
and thin films prepared! from various methods, such as
vacuum deposition, chemical deposition, sintering and
sputtering. In contrast, relatively little reference has beer
2made in the literature to the chemically sprayed CdS thin
films and its application to various devices, especially
of the
solar cells. Despite many problems still existing for. CdS
films, the preparation of-uniform, large area films using
simple, inexpensive method is very desirable. This goal
might be achieved if chemically sprayed CdS is employed,
but the problem remained is whether this method is
capable of yielding films with properties good enough for
device applications.
In the investigation, the physical properties of
chemically sprayed CdS thin films as a function of various
preparatory parameters and fabrication techniques have
been studied. Using the optimised films as the starting
material, CdS--Cu2S)heterojunction solar cells have been
constructed using a dipping method for different substrates.
The goals of the present studies are the following:
(Q 1. To study the electrical and optical properties of the
chemically sprayed thin films.
2. to find the difference in the physical properties of
the films prepared under different conditions, such
as spray rate, substrate temperature, etc.
3. to investigate the effects of posit-fabrication heat
treatment, film thickness and oxygen absorption.
(B) 1. to investigate how well a chemically sprayed CdS thin
film can be used to make solar cell by the dipping
method.
2. to optimise the conditions necessary to make good
solar cells.
3• to standaiiLse the experiment al~techniques needed
t o fabric a t e c e11s.
4 to measure the physical properties of the cells
under different situations to reveal the
mechanisms governing the operation of the cells
fabrica-ted by the techniques.
5 to suggust a model or to modify the existing models
to account for the cells properties in this
irivoQ+i rro -h ~t nm .
1.1 Preparation of GdS Thin Films
Thin films of cadmium sulfide can be deposited in many
8
different ways, namely by vapor deposition (open ~ and
9 3 0 11
enclosed system), vapor phase deposition , sputtering ,
12-13 14
chemical deposition and chemical spraying technique T«j.. 'j v—•'
Each method has its advantages and disadvantages.
Vapor deposition is done in an evaporator, inside
— Q
which, the pre sure is between 10 to 1.0 y torn The source
contains pocier of cadmium sulfide which is subsequently
heated to emit GdS vapor on the substrate (at room
temperature or between 100°C to 400 G) above it. This vacuum
method generally yields good thickness control and
uniformity films, and is compatible with precise masking
techniques; it is capable of producing high-purity material.
This is actually the best known method.
The vapor phase reaction technique is achieved by brings]
together vapors or gases which contain the elemental
constituents of the host material and allowing them to react
with each other at a suitable surface at an elevated
temperature.
In the preparation of sputtered films, the material to
be deposited is ejected from the source by ion bombardment,
usually with argon. In the most commonly used method a glow
CL
discharge is set up in a purified inert gas withAlarge
atomic mass (like argon), The GdS source acts as the cathode
and the substrate is kept at the anode potential.JU .L
12 13
Chemical deposition 7 is a method which is quite
similar to chemical spraying technique. The glass substrate
is kept rotating in a mixture of cadmium sulfide, ammonia
and thiourea at 70° to 80°C for about 30 minutes to deposite
a layer of Cd3. The film made by this method is relatively
insensitive to effects of oxygen and moisture.
In the chemical spray process, an aqueous solution of
a metal salt is mixed with an aqueous solution of a
sulfo-organic compound. The solution, is sprayed onto
substrates at a certain temperature. This method is chosen
for the present investigation not only because this is the
simplest and possibl? the cheapest technique but also only a-
simple apparatus is required. Detail techniques used are
discussed in the following sections.
£Chemical spraying of CdS thin films
In this process, cadmium chloride is mixed with thiourea
to form a soluble complex as shown in Pig 11. This solution
ctc o o
is sprayed onto substrates which'1 held at 200 -450 C, where
it decomposes to produce the required films The decomposition
is endothermic, requiring a minimum substrate temperature
depending on the composition. The products are CdS films
and volatile byproducts. One of the advantages of this
technique is that all of the necessary elements are contained
in the spraying solution. The chemical composition of the
films deposited is insensitive to (except due to the
substrate temperature effects) parameters like the carrier
gas,.the ambient atmosphere, the substrate or any post-
fabrication treatment. On the other hand, many of the physical
properties of II-VI films are quite sensitive to the method
of deposition and the details of the fabrication techniques.
Generally, the finer the atomization, the higher the
temperature and the more dilute solution give films
5
with better optical transparency
1.2 A Brief Review of the CdS-CS Solar Cells in the
previous investigations
The photovoltaic effect - the generation of e.m.f.
under illumination, was or ig-Anally observed in selenium
1 c
by Adams and Day.1 The origional observations of CdS
photovoltaic cell were made by B.C. Reynolds, . Leies,
1
L.L. Antes and R. E. Marburger in 1954 .
1'7
The earlier theories emphasised the properties of
the CdS side of the barrier. More recently, attention has
been increasingly focused on changes which may occur on the
18 19 r
CUpS side of the junction, cuprous sulphide is a
75
complex material with a complicated phase diagram , and
O Q
several relevant stable compounds exist l , for example
0uoS (chalcocite), Cu 3 (djurleite), Gu gS (digenite)
and GuS (covellite).
Reynolds ~ and his co-workers at the U.S. Air Force
Aerospace Research Laboratory plated copper onto one face
of a CdS single crystal, heated it, and found a sizable
photovoltaic effect to exist. The explanation suggested
for this observation was an impurity band in the CdS with
a two-stage optical excitation mechanism.
21
Williams and Bube explained the extrinsic photovoltaic
response by photoemission across a metal-semiconductor
barrier in I960 (Fig 1.2), This model was suggested since
their single-crystal CdS solar cell used were not heat treated
after electroplating the metallic barrier layer, The
interpretation based on impurities in CdS was thus ruled
out. The extrinsic response increased with the thickness of
Throughout this thesis the cuprous sulphide will, for
convenience, be referred to as CupS unless otherwise stated.
the copper layer, indicating that the carriers were electrons
photoemitted from the copper into the Cdo. William and Bube
also shew that copper gave by far the best ohotoresoonse
compared with the other metals.
Different from William and Bube1s model, Grimmeiss
22
and Memming assumed that the barrier was a p-n junction
between n- and p~CdS (Fig 1,3) in 1962, This model was built
from the experiment that when the excess copper was etched
away in a copper diffused cell, the spectral response curves
for these cells were found to be essentially the same as those
measured by 'William and Bube, but could not, in this case,
be explained in terms of photoemission from a metallic layer.
The main draw-back of this model is that p-type cadmium
2 3
sulfide have never be found even to-day .
24
Cusano 1 , m 1963 suggested the concept of a CuS-CdS
heterojunction (Fig 14). He formed a heterojunction by
immersing a polycrystalline thin film CdTe sample in a
hot, aqueous solution containing cuprous ions The
resulting CuTe-CdTe solar cell was found to have good
photovoltaic response for photon energies greater than
the band gap of CdTe, but no extrinsic response was
observed It is also a well-known fact that p-n
homojunctions in CdTe show poor photovoltaic response,
therefore heterojunction was considered to be applicable
to explain the CdTe and GdS solar cells Cusano¥s model was
~25 1
supported by Keating (1965) ? Chamberlin and Skarman (1966)'
°h
and Shit ay a and Sato ( i 9 b 8 ) .
Single crystal CdS cells with evaporated Gu layers
27
had been studied in detail by hue Guong and Blair in
1966. They argued that no diffusion of copper into the
CdS occurred, but they interpreted their results in terms
of hole generation at impurity centres in the CdS, They
also reported enhancement of the long-wavelength response
due to secondary illumination, but these results can only
be observed in heat-treated cells and some heat was almost
th £-
certainly applied duringevaporation of copper,
17
Potter and Schalla ' (Fig, 1.5) advanced a model
with the following feature: a p-type barrier layer of
highly degenerate chalcocite and photo emission of electrons
from the Cu0S valence band into the CdS conduction bandCmmm
over a 0.85 eV barrier. The effeciency of the photoemission
is controlled by impurities in the CdS layer in the junction
region.
Hill and Keramidas (1907) determined that the cell
made from evaporation contained a surface barrier region
of nonstoichiometrie degenerate cuprous sulfide in contact
28
with the CdS . They considered the chemical processes
occuring during the formation of CuS layer and also during
subsequent heat treatments.
2Q „ 30
In 1968, Egorova and Mytton ~ ' reported their
studies a-j- the formation of Cu0S layer respectively.cL
Egorova gave the spectral response of a series of Cu,,S-CdS
thin film cells with various thicknessof Cu0S. hi
It was concluded that excitation of carrier in the Cu9S
account for the observed spectral response characterist¬
ics, Mytton gave a detailed account of the spectral res-
X. r, CL
ponse of CUp~Cd3 photovoltaic cells, prepared byAchemi-•••mm
plating technique, as a function of the plating solution
concentration and plating time for evaporated GdS. The
results are interpreted qualitatively in terms of simple
energy band theory with CuS responsible for long wave¬
length part of the spectrum,' L f
Clevite group proposed a hetero.junction model (Clevitefs
Model) to account for various observations in CdS-CuS
(mainly thin film) solar cells in 1968,
A. model has also be propose by the Stanford group
(Stanford model) for which electron diffusing across the
junction must tunnel through a conduction band spike at
the interface, A similar model has also been suggested
36 37
without a conduction band spike by the same group in 1974. '
The Stanford model is based on the experimental results
measured in single crystals.
Because of their importance, the above two models are
described in detail in the next chapter. These two models
are equally convincing and supported by many other articles.
Very recently, attention is given to the changes
which may occur on the C'tS side, Caswell, Rusell 8c Wood
38
(1975) shew that the conversion of Cadmium sulfide to
cuprous sulfide is different for different orientation
10
of the cirystal. Boer38 attempted to combine.the ideas of
the Clevite and the Stanford model. in. 1976. He gave a
rather comrlicated energy band structure to account for-
many phenomena observed. Burton: 'dind.aw 19 (1976) gave a
detailed. account for thermally induced changes in Cu2S
film and. shcwd that the changes in sheet resistance of
the layer could account for the degradation and the changes
in the/eff. iciency of the cells. Burton, F[ench 8c Stortic40
(1976) fabricated thin film cells by evaporation on
Cadmium Stannate (Cd2SnO4} fi_lns, Putnis studied the
transformation behaviour of cuprous sulfides and. found
that poor efficiency degradation vviere due to the formation
of djurleite.
Table I4I summerizes the results of the various in-
vestigation described. above.
To hi p 1.1
Investigations Relevant to CdS-Cu9o solar cells
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Figure Captions
1.1 Schematic diagram for chemical spraying technique.
1.2 Energy band diagram for the Williams Bube model.
1.3 Energy band diagram for the Grimmeiss Memming model
1.4 Energy band diagram for Cu.sano model
1.5 Energy band diagram for the Cu-Cd-S cell proposed by Plotter.
1.6 Concentration gradients of Cu++ Cd++ according to
Keramidas Hill
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DISTANCE FROM TREATED SURFACE
FIG. 1- 6
Chant er T l
THEORETICALBACKGROUND
O ') rPV i vo 7? i 1 ma
2 .1 .1 T h e rm o e 1 e c. t r i c Effects
The voltage developed per unit temperature difference
in a semiconductor is called the thermoelectric power.
n r ™ r 1 im
V
V',rVl O~VQ 2 = volt ase developed across the semiconductor
vT = temperature difference to develore iV
The equation for thermoelectric power can be obtainec




where f = f (x,y,z,p ,pv,p )
- perturbed distribution function
F - force acting on the carriers
V - velocity vector
f= equilibrium distribution functior
= re la xa t ion t im-
— pi pntrnn chancre
For a uniform isotropic substance under the influenc
of a temperature gradient along the z-direction in steady
state condition,
a
4 - = (
w h e r p. = e 1 e c t r i c fie 1 d
U sing Fe rmi-Dir a c S t atistics,
(2.2)
(2.3)
where E = average energy of1 carriers
Et,= energy difference between the bottom
of the conduction band Fermi level.
With the help of the following equations,
dk = constant x I
i :
dE
where k = wave vector
g(k)~ density of states with respect to k
n = electron density in conduction banc
T+- -i c= -p
a:
Jr Vt p -f
wher
For a nondegenerate semiconductor with a mean free time
whptp ; constants




The parameter r is the mean free time between carrier
colli sio n s , wh i c h d e p end s on t h e c a rr j. e r ene ray f er, for
semiconductors with spherical constant energy surface,
for phonon scattering, for impurity scattering.
When the semiconductor is under illumination, steady-state
Fermi-level £« has to be used in equation (2.4).
(2.5)
2.1.2 Thermoe1ectric Effects in Inhomogeneous Materials
Films made by chemically spraying technique are
inhomogeneous. It is assumed that these films are poly-
crystalline in nature consisting of conducting grains (or
crystallites) separated by more resistive intergranular
mat e r ia 1 s ( int e r c ry stall ine mat er ial s) .
Fig, 2.1 a illustrates a geometrical model proposed by
4 3 i. 4
Volger. 3ube ' 1 1 used the model in Fig. 2.1 to interprets
Hall and Photo-Hall eifects in inhomogeneous materials.
The model considers the film as made up of particles of
dimension 1 resistivity p ] , separated by interparticle
regions of dimension 10 resistivity (of the same
conductivity type as P). Two parallel paths are available
for electrical conduction: (1) througk the interparticle
material, or (2) through the particles and the interparticle
material in series. It is also assumed that the layer can
be treated as a series-parallel assembly of basic units
indicated in Fig.2.1b, with the equivalent circuit shown in
Fig. 2.1c.
With the following basic parameters
are the dimensions,
conductivities, resistivities, mobilities of the grains and
the intergranular regions respectively, (see Fig. 2.1)
is the measure of the harrier resistanee,
is the resistance of a barrier
A
region with cross-sectional area of 1 cm.
(The inclusion of a barrier resistance at
the interface between the material making up
the grains and the material making up the
intergranular regions of the layer is a way
in which barriers can be introduced into tie
resistive network model),
is a dimensionless quantity measuring the relative
importance of the barrier resistance to the
grain resistance f it takes on values from 1
to very large values depends on temperatuei L
photoexcitation.
and the following basic equations (Pig. 21)
where AT is the total temperature difference on
the layer (assumed to be uniform distributed
geometriea11v j
L - lenrrth of the lavei
V;)1 = measured thermoelectric power for
t h e who1e samp1e
n,p - measured electron density
45




If several independent scattering mechanisms operate
simultaneously, there will be several relaxation times
associated with the respective mechanisms.j.
Under those conditions the collision term in the
Boltzmann equation can be written as
for n mechanisms
Since mobilities are directly proportional to the relaxation
times.
(2.8)
Different kinds of scattering mechanisms for thin
4-6
semiconductor films have been analysed by J.G. Anderson .
Some simple relevant mechanisms are discussed in the
f o 1 '1 ow irig paragra phS.v—J _i_ '—-
Ar~j
Surface Scattering
ile consider a semiconductor samole bounded by the
surfaces z~0 z = 2 d. The effect of surface scattering will
be introduced in the form of some average collision time r ,L s T
just as bulk scattering is characterized by relaxation time
X-, As an estimate of xr. we take the mean distance d of aJD o
carrier from the surface divided by the unilateral mean
velocity vJ z
where v = average velocity of carrier in thery - J
direction normal to the surface
- mean free path of carrier in the bulk
Since the average electron mobility is
(2.9)




It is seen that the average mobility decreases with decreasing
s a. m p 1 e thic Icn e ss, as expa c t e d , wh ile f o r d i t a to to r o a c h e s
its value in the bulk.
Petrits ' s Mode].. (G-rain boundary tootentia 1 barrier scat bering'
Po 1 ycrysta 11 ine , thin f ilms are composed of a syst em.
of small crystallites separated by intercrystalline barriers
( f ig. 2.2). A sme. 11 crystallite is conductive . but the
mtercrystaliine netmfn two crystallites is assumed to be
intrinsic essentially, hence highly resistive. This implies
that the resistance of the films is essentially due to the
resistance of intercrystalline barriers.
Actually, the total resistivity of a barrier in series
with a crvstal1 ite is
(2.13
where the subscripts bfc refer to the barrier anc
the crystallite, resrectivelv.
Since
Similar to p-n junctions . the current equation can be
written as
i = Mri (2.14)
where j = the current density
n mean density of majority carriers in the
p ~p( t P f] I if e qX. v Ou •-- _L_1__LUv O
= potential heiyht of the barriers referred
to the ccuductioM band edme
1 , = vo 11aye drop across th o barrier ( caused
by the applied volt aye V )SI
M = a parameter depends on the specific nature
-L, a.
of the barrjer
o V, , where V,. is the mean
the r ma. 1 t h e r ma 1
therma1 ve1ocity of the e1ectrons.
The size of the crystallites is assumed to be small, therefore
there are many barriers in the film. The voltame drop
across any' one is actually very small compared to k'T ,
fj = Mn e (2.15)
If there are N crystallites in series for distance L as
shown
where nn = number of crystallites per un.it distance
( 2 .16 )








For the present investigation, we can write
the overall mobility of the film
bulk mobility
mobility due to surface scatttering
mobility due to grain boundary potential
barrier scattering
mobility due to other scattering mechanisms
(eg. impurities)
2.2 Solar Cells
2.2.1 Junction photovoltaic Effect 49,50
Junction photovoltaic effects constitute a class of
phenomena. in which light generates a voltage across a
junction of the semiconductor. if an ordinary p-n. junction
is short-circuited in darkness, no steady current will flow
where
in the external circuit in spite of the fact that there
is a potential 0 between the- p and n regions of the devicer i -
If light is allowed to fall on a p-n .junction., as
illustrated in Pig. 2.3? measurable voltages and current
can be observed. It is because electrons created in the
and
p-region diffuse to the junction, a are drifted by the
potential difference at the junction to the n-side, while
excess holes ereat e d by op tica1 e xcit ation in the n-r e gio n
ciUci
diffuse to the junction a are drifted to the p-region. The
effect of this is to put a net positive charae on the
p-side a net negative charge on the n-side: the presence
of these charge densities is such as to lower the barrier
potential difference from 0 to some value 0 - V as0 0 0
shown in Pig. 2.3.
The magnitude of the photovoltage can be expressed in
terms of the excess minority carrier concentrations at the
4-9
boundaries of the junction space charge regions,
where = minority carrier density (electron) at
equilibrium (in the dark) in p-side
p = minority carrier density (hole) at equilibrium
(in the dark) in the n-side
n = minority carrier density under illumination
(p-side)
p __ minority carrier density under illumination
(n-side)
q = charge of electron
k = Boltzmann constant
T - Absolute temnenaturei
Suppose that a photovoltaic cell is made by diffusing p—type
impurities into an initially n-type semiconductor so that
a thin p-type surface layer is formed. The cell is illuminated
by monochromatic light incident upon the p-type front surface
as shown in Pig. 2.4, where uniform n- p- regions are
shown separated by an abrupt r-n junction.
Since the incident light is monochromatic, its intensity
within•the crystal will diminish exponentially with an
absorotion coefficient which, of course, will varv wit!
wavelength, being quite large 'for photon energies greater
than the energy gap of the crystal small for energies
smaller than the energy gap of the crystal. If the number
of photons of wavelength entering at the front surface
of the device per unit area per unit time is IN t h e n
the flux, of photons at anv depth x will be f 'Pi v. 0. A)
N (x) ~ N e
(2.21)
The number of electron-hole pairs per unit area, pei
unit time generated by photonsabsorpted in a distance d:
about x will be equal tc r x
' d V if x
d i
This implies that the excess carrier generation rate g'(x
will be viven by
( o 91 a Ni
v cL • J.. Ct y
Under these circumstances, the continuity equations for
excess holes in the n-region a electrons in the p-region
may be written as
(2,22)
( X 2 0 )
(2.23)
The above equations can be solved with the
foilowing boundary c enditions,
(i) the device is considered to be of essentially infinite
extent in the positive direction, this implies that
(ii)
(iii)
where s = surface recombination velocity
where D , Dv are diffusion coefficients of holes
p n
electrons;respectively
L , Ln are minority diffusion lengths of holes
electrons respectively.
The injection current (assmio j u»dt ai-ea. cj- cross - section)
(2.24)
where F F are a hole A electron flux dens it
p n
may be evaluated to give the current-voltage equation for
the device the result may be expressed in the form
(2.25)
where J
s cos h sinh
cosh s s inh
(2.26)
s cosh s inh
cosh s sinh
(2.27
J is a saturation current which is a function ofamaterial
parameters a geometry oi the device.
1 is a generation current, independent of the junction
voltage V but directly proportional to the illuminationV
intensity as represented by N .
The above discussion has been based upon a situation
in which the photovoltaic cell is illuminated with
monochromatic radiation. But in actual cases, for solar
cells the illumination source is the sun which has a broad and
continuous spectrum of wavelengths. The excess carrier
generation rate g'(x) {eqt. 2.21a)Abe a surersosition of
J f
many exponentia1 functions reoresentiaa A wave1encths,
each withacharacteristic absordtion coefficient (X and cL
intersitv factor N Thus the excess
carrier generation rate g(x) will be represented as an
integral of and the generation
current is roughly proportional to the sum of the individual
contribution of the whole sunofrum
Note, if s 0 d is large (this reduces to a normal
p-n .junction e.Q«on )
(2,23)
(2.29)
On the other hand, J may be simply represented by
J = q g(L + L ) (i.e. when s
g n o
0 , d-large , y L= small)
where g = generation rate density
L L = minority carrier diffusion lengths in th
n p J
p n regions respectively,
Prom equation (2.25), therefore
(2.30)
The abort ni rmn t i s
(2.31)
The o nen circuit vo 11ape (J=0) is viven bv
(2.32)
This implies that the o n en circuit voltage depends
logarithmic a 11 y o n i n tens i t y. k t s u f f icie n. 11 y 1 o w i n t e n s i t y,
V c also beeomes proportiona 1 to 1 ight intensi.ty,
5 2
2.2.2 T ernp e ra t ur e itf f e c t
Fro m e quation (2.31), where the
diffusion length can be expressed as
From Einstein relationship the
diffusion length as a function of temperature is given by
where u. - mobility
collision time constant
(see ref. 52, section 2)
For lattice scattering,
c 11; 5'
but, fo r aimpurit y s c a'11ering,
hence for lattice scattering C)
t C S fe d
f o rAimpurit y sca11 ering
(2.33)
(2.34)
The above discussion shows that J would be expectedI.WV
to increase slightly with decreasing ternperature for lattice
scattering whiledecrease aporox.imately 1 inear 1 y with
deereasing temoerature for impuritv scatterinp.
-•( • t rS inn p
1T
V depends both on j 1 J
oc sc o
From e a uation (2.2 9)
where r
where m m are effective masses of
P n
hole electron
h = Plank constani
N-n = donor density
+:Vt p yP Prvrso
Since the exponential term dominates,
w e have (2.35;
If J = q g (L + L ) is large, by eqt. 2.32
g p n
i
'where C is a constant.
If the temperature is low or accroaching zero.
(2.36)
This is also the theoretical maximum V that can be
oc
o b t aine d for a p-n junc tio n at 1ow t e mperature.
5 3
2.2.3 Series Shunt Resistance Effects
A general equivalent circuit which includes shunt
series resistance is shown in Fig. 2.5
54
But for the sake
of discussion - am 1 nnrnod — oi rou i t equivalent of the cell is
us e a a s sho vvn in Fig. 2.6,
From this circuit, it is clear that
r i n rl p o VV.i o u t














If R , is large, the above equation reduces to
sh
J , = J
out c
If R is small as well,
s
J , = J
n 11 r. n
which is the ideal Solar Cell equation.a
For complete discussion of solar cell parameters, the
reader is referred to papers by Sreedhar, Sharma and Purohit,
• 5b - SO 5
J.J. Loferski , Rappaport' and Prince .
Homo junctions have been used for the above discussion but-
most of the results obtained are also valid for perfect
heterojunctions. The most obvious difference between
homo junctions A heterojunctions is that the barrier for
carriers in p-side semiconductor is different from the
barrier for carriers in n-side semiconductor for heterojunction
whereas barriers for carriers in both sides are the same
for homo junctions. This fact will not affect the above
discussion and we may consider the current transportation
is dominated by one kind of carriers. (In the case of GdS-
Cu9S heterojunction the barrier height is very high for holes,
and the dominant current is due to electrons). Nevertheless
it is found experimentally that the general behavior of
V I with varying light intensity for heterojunction
oc so °
cells is similar to that for ideal homo junction cells (see,
for example ref.22), The dependence of V I on' o c s c
temperature is more complicated in the case of heterojunction
cells. On the other hand, the performance of heterojunctions
are seriously affected by recombination rates and tunneling
mechanisms of the cell, this is discussed in the next two
r e o t i on s .
2,2.4 H e terojunc tion
A heterojunction is a junction formed between two
semiconductor of different material . A fine distinction
can be made when the two semiconductors are miscible and the
transition is gradual. The latter transition is sometimes
called quasi-homo junction 11. For abrupt junctions the
transition is complete within a very short distance, while
for graded junctions, the transition occurs over distances
of the order of several diffusion lengths. For our purpose,
the more general term-heterojunctionAto include- both the
abruot A the traded transitions Fin. 2,27







The above equations have been assumed that all the impurities
have been ionized
The boundary condition is at x = 0, -- D,
at x = - ,
at x - Xp , (as defined in Ficjure Z-Zl )
where D-. , D0 = displacement vector at side 1 2 f
res n ec tiv e1y
= E1ectron potentia1 enerav at side 1 2
ressectively
= built in voltage
On solving
When a forward bias voltage V is applied,CCv
(2.38)
(2- id )





o r W -
The relative voltage supported in each of the
semiconductor are
V, V0 are the nortions of the anr•] i ncl vo] tap VJL of . ' , ~ 4 ° p
supported. by material? 1 2 respectively A V, + V0 = V
N J- 2 a ,
then V - V.. a 7;)9 - VI are the total volt ye (built in
P1 u s a r.) pi led) f o r ma ter i a 1 1 an d ma t e r i a 1 2 , res p ect i v e 1 y.
Prom this equation, it is true that most of the potential
difference occurs in the most slightly doped region for
nearly equal dielectric constants.
Capacitance
_i_
Since Q = ™ q NT)
But C = where 0 = capacitance per unit area
(2.40)
Current Charact eristic
The general characteristic for heterojunctions is









is the barrier thr11 electrons in r ~s ide must overcorne
to reachAn-side A 7
diff 2
is the barrier in holes moviae to
opposite d i r e c t i o n a s s h o vn.
If V
app
is the applied. voltage
(2,41)
This implies that the number of elections injected from the
n-side is much larger than the number of holes injected from
the p-side.
2.2.5 Heterojunction Interfaces
Since heterojunction is formed between two materials,
problems of misfit in lattice constants'and thermal
exransionAare important and limit the use of different
materials. This misfit can lead to dislocation states
which can form dan,relink bonds. Act the interf ice of a
heterojunction, usua 11y there. is a 1arge numher of interface
states. As pointed out by Oldham 1 ailues that iooerfection
] ) 2
densities in excess of 10 cm' can result from a lattice
mismatch of several percent. The lattice mismatch between
0d3 and. 0uS is usually between 4 to 5 £. These interface state:
can act as stepping stones for recornbination and tunneling.
The nature and number of interface states depend on many
fabrication parameters, this explains the large difference
in physical properties of the Odd solar cells made in the
same lot observed in our work by many others, as well as the
contradietcry results obtained by different researchers.
The 1-V characteristics of many heterojunctions are
not sensitive to temperature. It has been observed that
the temperature dependence of the magnitude of the currenti. f
is much smaller than is normally expected in semiconductor
devices but is very similar to the tunneling current found
in metal-oxide-metal structures. This led to the belief that
the cur rentAmechanism predominant in these particular
he tero .i un c t i o n s i n v o 1 v es t unn e 1 i n g.
Three possible recombination tunneling paths are
t
shown in Pig. 2.3a ' , Por oath{A) conduction electrons in
n-side semiconductor fall into available band-gar states
and then tunnel into the valence band in p-side semiconductor,
where-as for path (B) conduction electrons in n-side
semiconductor tunnel into the availble band-gap states and
then fall into the valence band in p-side semiconductor.
Also possible is the staircase path which involves multiple
tunneling-recombination sets shown as path (C). Reverse
tunneling is shown in Pig, 2.8b, As shown on this diagram
reverse tunneling may also pass through intermediate band-
gap states.
For the sake of comparison, four major transport
processes possible in heterojunctions are shown in Fig. 2.9-
Fig. 2.9a shows emission currents flowing over the barriers.
This may be accompanied by recombination in the depletion
region. Both emission and tunneling currents exist in
Fig. 2,9b, A lifetime approaching zero at the interface has
been assumed for Fig.2,9c. In Fig. 2.9d a thermal emission
current recombining at the interface or a tunneling current
flowing through the barrier into the narrow gap material,
These two currents flow together and are dependent on
the interface properties, The total current may therefore
be dominated by either of the currents and may exhibit
either thermal or tunneling current characteristics.
Experimentally the process in Fig. 2.9d is most appropriate
to normal heterojunctions in the presence tunneling
mechanism. At normal current densities, the diodes are
characterised by the
T a! 1 A.,ri V » rr r n i n O H—r vi •
(2.42)
where J is highly dependent on processing hecause of theV-
variability of defect states while the exponent a is
dependent on the doping levels, dielectric constants
number of intermediate tunneling steps. As pointed out by
33-37 ,
Bube et al ~ , the constant a: is not strongly affectedf «— t
by processing as is J , typical values o-f or'for non-heat-v
treated devices range from 24 to 30 for CuS-CdS junctions,
—- Q
while JQ varies from 10 Acm to almost 10 Acm por
heat-treated cells, ct'ls again about 24 to 30, while J has
~ o
decreased by 2 to as much as 5 orders of maanitude.
9 _ 9 f 9 Phn + n'iml -he-i n irahomc
31
m ovi -Ko -•
Fig. 2.10 shows the major features'ofAClevite Model.
The cells were made with a brief post-fabrication heat
treatment in air at 250°C. The solid lines in the diagram
represent the band profile under illumination for short-
circuit condition..The profile in the dark was indicated
by the dotted lines. All numerical values indicated in the
w ere
diagram a found directly or indirectly by different
experiments. The main feature of this model is that light
is absorbed in a highly nonplanar epitaxial surface layer,
0.3 pm thick. Photoelectrons diffuse to the p-n heterojunction
with a diffusion length 0.2 pm. The change in junction barrier
hp.i xrh -h irnn p.r illumination is due to the -nhotoconducti vi tv
induced in the 1 jjm layer of the copper doped GdS, The
copper diffused GdS (i-CdS) layer is insulating (considered
p-type) in the dark and weakly conducting under illumination
through Gu93. Under illumination there is no barrier for
electrons to flow from the conduction band of GS into GdS
(i.e. at the interface). The significant junction in the dark
is between the i-CdS and h-GdS. The total barrier height
in the dark is 1.2 eV. Under forward bias, the interface
states at the Cu9S - i GdS junction are assumed to serve
as a path for recombination current. The forward current




In the first model advanced by the Stanford ~
group (proposed by Gill Bube, amended, by Lindquist
Bube later) electrons diffusing across the junction must
tunnel through a conduction band spike at the interface.
The band diagram for this model is shown in Pig. 2.11.
As in Clevite model, most of the incident light is absorbed
in the CuS layer. However, in order produce a photocurrent,
the electrons photoexcited in the Gu9S must tunnel through
the above mentioned conduction band spike in order to enter
-the.
the GdS. The width of the spike is controlled byAdeep
imperfection level in the GdS depletion layer whose occupancy
is modulated by light. Short heat treatment of the cells
causes rapid diffusion of acceptor imperfections (with
ground state) at energy level E0 A hole excited states at
E into a narrow layer of GdS. a the tunneling probability
can be changed by the occupancy of these deep-lying levels
(E at 03 eV Ep at 1,1 eV above the valence band). In
the dark acceptor impurities widen the depletion layerf
reducing the dark current A illumination decreases the
and
depletion width A restores the forward current. In later
papers J ? Pabrenbruch Bube suggest that the dark
current after heat treatment consists of both a thermal
injection component and a tunneling component. Band profile
the
forAcontrol of short-circuit current is shown in Fig. 2.12,
Since no experimental data show a conduction band, barrier
voltage greater than the 0uoS bandgap of 1.2 eV, they
conclude that the conduction band discontinuity at the
interface is negative and that no conduction spike as
mentioned in their first, model exists. The
dvd
injection current becomes dominant above 320°K A is due to
the injection of electrons from the GdS into the CuS
conduction band; the activation energy of 1.2 eV for this
current corresponds to the barrier height between the two
conduction bands. It is also proposed that both the
photoexcited short-circuit current and the dark forward
bias current are controlled by a tunneling-recombination
process through the interface states. The tunneling current
is dominant below 320°k this is, of course, caused by
the tunneling- of electrons from the GdS into interface
states where they recombine with holes tunneled
from the Cu0S. They explained the degradation cind
'7 .
heat treatment phenomenaAthe TROD (Thermally restorable
Optical degradation) effect in terms of opto-chemical
changes.in the GdS depletion layer with undiffused Gu
acceptors.
Figure Captions
2.1 (a) Schematic representation of the model with particles
of dimension and resistivity p , separated by
interparticle regions of dimension Lz an(3- resist¬
ivity pz
(h) Assumed basic unit for the calculation of thermo¬
electric power
(c) Equivalent circuit of the basic unit for the
calculation of thermoelectric power
2. 2 (a) Pictorial representation of a polycrystalline film
(b) Energy band diagram representing grains and inter-
granular potential barriers for an n-type poly-
crystalline material
2.3 Potential diagram of a photovoltaic cell
2.4 Geometry and notational usage for the p-n photovoltaic
solar cell of section 221
2.5 General equivalent circuit for a solar cell
26 lumped circuit equivalent of photovoltaic cell
2.7 Energy band diagram for a heterojunction
2.8 Tunneling model for heterojunctions
(a) forward bias
(b) reverse bias
2.9 Four possible current-transport mechanisms in p-n
hetero junction
210 Energy band diagram for the heat-treated CuS-CdS
heterojunction, according to Glevite Model
2.11 Energy band diagram for the heat-treated CuS-CdS
heterojunction, according to the Standard Model
2.12 Energy band diagram proposed by Fabrenbruch and
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3.1 Chemically s p ray i rig tec hni qu e
This is the first experiment of this nature that has ever
been carried out in our laboratory. Most of the apparatus
had to be specially built for this project. Pig.3.1 shows
the construction of the hot plate used for spraying and
Pig.3.2 shows the whole set up for spraying CdS thin films.
a
The hot plate was fitted on a motor withAgear system which
rotated at 6 revolutions per minute. The substrates were
placed on a rotating hot-plate which was maintained at
the reoxuired temperature ( from 210°C to 400°C ) throughout
the experiment. All reagents used for spraying were weighed
by electron beam balance and the spray solution was pre¬
pared in the Department of Chemistry. After filtering, the
spray solution was poured into the atomizer before spraying.
Compressed gas was used as a carrier which was injected
into the atomizer to spray the solution onto the heated
clr, d
substrates. The solution decomposed a an optically clear
toas
very adherent film of Cadmium SulfideA formed.
The semiconductor characteristics of a spray - deposited
film are dependent on the solution composition (starting
materials anion-to-cation ratio ), substrate temperature
and the structure 0f the substrate. Spray rate, thermal
environment dopants and post spraying treatment are also
important parameters. In the present investigation, :1
cadmium-to-sulfide ratio solution had been used. Since
the cadmium-to-sulfide ratio can affect the Orient¬
ed
ation (hence the mobility ) of the crystallites, this
variation of cadmium-to-sulfide ratio had been studied
qualitatively in this project. Spray rate was limited to 2
mlmin. to 3,5mlmin. Substrates temperature was maintained
at 210°C to 40C°C.
Iodine was the main impurity purposely added to the
films to observe the effects of photosensitivity in the
major part of this research. Indium chloride and hydrochloric
acid were also introduced as dopants in the films since
rke-
they affectfttconductivity of the film very much. Some of the
films were also prepared in such a way that no impurity had
purposely added to the spray solution.
3.1,1 Spray solution
The choice ofAstarting materials will determine the purity
and crystallinity, deposition temperature,so lubility of the
spray solution and whether a doping impurity should be added.
Cadmium chloride and thiourea had been used as starting
materials because satisfactory results can easily be obtained
This spray solution could be from 0.01M to 0.1M, but 0,025M
had been chosen, because if the concentration was too high
the film was not uniform and if the concentration was too low
the time required to get a film with reasonable thickness was
too long . Iodine impujity could easily be introduced to the
CdS film by adding an aqueous solution of Cdlp to the spray
solution,, 1 ml. of 0,1 M Cdlp aqueous solution was added to
every 1000 ml. spray solution to sensitize the photo conductive
of the films. In the previous investigation, equal molar (0.025M)
of CdClp ct thiourea in aqueous solution had been used.
The following table ( Table 3.1 ) gives the ingradients of
the solution:
Table 3.1
Molarity wt. in 1000ml Ho0
C.dClp
o. opq 5.03303gm






1 ml. Cd01o sol. + 1 ml. Thiourea sol. + 0,002 ml, Cdl sol..
2o002 ml. si)ray solo
1.1.2 Substrates
The nature of the substrate can have a marked effect on
film properties. Film formation begins with the development
of stable nuclei at certain preferred sites on the substrate.
-the
There are marked differences inAdensity of nuclei and
crystallography between films on polycrystalline and on
The.
amorphous substrates.coefficient of thermal expansion is
another important factor. Differential expansion between the
substrate the film affects the film stress and is a factor
in possible stress failure. The thermal conductivity of the
substrate influences the film surface temperature during
growth and also affect the performance of the films in
devices. Chemical electrical interactions between film
8c substrate are also significant. Films deposited at low
temperature haveA high density of initial nuclei Que a .result¬
ant of small grain size, together with poor orientation a
high defect density. Chen the substrate temperature is high,
there is usually an initiation period before any nucleation
occurs, and the subsequent density of nuclei is small. The
resulting crystallites are considerablyAalso increase with
temperature, leading to improved crystallinity.
Microscope slides made by Chance Proper in England or
made in China (bail Brand) were used in this project. Cadmium
sulfidefilms can stick firmly on clean glass substrates. In
order to avoid other undesirableimpurities and .to make very
adherent films, micro-slides were cleaned in the following
procedures:
(i) Micro- slides were immersed in a detergent solution
agitated in an ultrasonic cleaner for 10 minutes.
( to remove dusts of large size ).
(ii) After washing in distilled water, micro-slides were
immersed in a Chromic acid. ( to oxidize impurities )
(iii) All were washed in distilled water.
(iv) The micro-slides were then heated in NH;0H + Hp0 + Hp°2
(Ratio 1:5:1) at 80°G for 5 minutes, (to remove acidic
oxide)
(v) They were rinsed in deionized water again .
(vi) The micro-slide were then heated in HC1 + Ho0n + Ho0d d 2
( ratio 1:5:25 ) at 80°C for another five minutes.
(vii) All were rinsed in deionized thoroughly again.
a
(viii) Lastly, the micro-slides were dried in desi cater.
A
Because the thermal expansion coefficient of Cadmium
sulfide Molybdenum matches, several Mo substrates had been
used to deposite Cd thin films. The films made were too thin „
•£
Lhorting of the substrates Co the surface electrode of CdS-
CuS solar cells caJd hardly be avoided, so this metnod was
given up, Gold grids evaporated on glass slides were also used
as substratesbut they suffered the same problem as Mo
substrates and this method was given up also.
In the latter part of this research, Indium oxide ob tin
oxide coated on glass surfaces had been used as substrates.
Tin oxide and indium oxide are partially optically transparent
and electrically conducting Furthermore tin oxide cam resist
high temperature and is not attacked by normal chemicals
( e.g. strong acid base ) whereas indium oxide can be re¬
moved by acid and cannot withstand temperature above 550 °C.
Indium oxide was obtained from. 0CL3optieal coating laboratory
~tzc b-
and tin oxide was made by a very simple method asdescribed
below. It was found that CdS films made on indium oxide tin
oxide substrates had essentially the same physical properties
with the films formed onAlass surface.
60
3.1.3 Tin Oxide
One of the aims of this project is that we try to make
an inexpensive CdS-CuuS solar cells (this is one of the reasons
to choose the chemically spraying method, the other reason
is that apparatus for other methods are more complex )
With this in mind, we aso trial to choose a simple method to
make tin oxide. Pig, 3.3 shows the arrangement used for making
tin oxide. The temperature of the furnance was raised to about
550°G to 600°C) The only reagent used was stannous chloride
which could be oxidised to form tin oxide on the glass surface
at this temperature. The air or oxygen flow had to be slow
so that the reaction could take place on the glass surface.
It also found that moisture had also to be present during the
reaction. A weighed amount (from 1 gm to 3 gm ) of stannous
chloride was firstly poured into ci teat which was then pushed
inside the furance. After the excess water molecules had been
driven out ( this took about several seconds ), a glass slide
which was pre-heated to 550 G was placed two inches in front of
the boat, A la.yer of tin oxide would then be deposited with
about 20 to 200 Asquare sheet resistance in several minutes.
3.2 Preparation of Solar Cells
The technique employed to fabricate CdS~CupS solar cells
is as shown in fig. 3-4
In this method, the CdS layer formed by the chemical
spraying technique was masked with the normal photolithography
process,, After the required masking pattern had been formed,
the CdS layer was dipped for a few seconds in
cj
a suspension ACuCl in water at 78°C. After removing the exposed
cvjt
photoresist by acetone, heat treatment could be carriedAinside
a fumance, Electrodes were formed by evaporating Indium
on the sample •.The above step had been done with the use of
a metal mask inside an evaporator,
3.2,1 )? ho to lithography
Since for some of our films no conducting layer had been
evaporated on the glass substrates, a pattern had to be formed
A H d
in order to make electrodes on both CdS a on front
surface of the device. The geometry used is shown in Pig. 3.5
Cadmium Sulfide layer was made by chemical spraying method.
The barrier layer of cuprous sulfide was formed on the CdS
surface layer by a substitutional displacement reaction in
which cadmium is replaced by copper. The front surface of the
CdS sample could not be substituted completely to form CuS
because par-ybf the surface had to be reserved for electrode
contacts. In order to reduce series resistance of the cells,
the density of slots ( electrodes ) must
be large.There were five or ten electrodes per cm in the
samples used in this research. Athough effort had been spent
to increase the density of slots (say to 15 slots per cm ). d
was not sucessful with our available facilities.
In order to protect part A of the above diagram from
substitutional displacement reaction, a photographic film
masking technique (shown in figure 3-5 ) had been employed
as stated below:
a) Thin layer of positive photoresist was coated on the
surface of the GdS thin films
(2) The speed of the spinner was 2000C rotation min
30 second
(3) The sample was then baked at 80°C for 15 minutes.
(4) After the mask had been put oe~ the sample, it
was exposed to ultra violet light for 8 seconds.
(5) The sample was then put in a tough of developer for
1 minutes then wash in deionized water.
(6) The sample was then spun dry baked at 100°0 for 10 min.
to fix the photoresist layer.
The sample could then be proceeded to form a layer of CuS.
3.2.2 Barrier Formation
The samples to be dipped were put inside a quartz holder.
The motion of the holder could be controlled by a magnet held
by a lever. The timing was controlled
by an electronic timer.
The barrier layer of cuprous sulfide was formed on the
Cadmium sulfide by a displacement reaction in which cadmium
was replaced by copper in an aqueous solution. The overall
reaction may be represented by the'.equation.
CdS + 2CuCl Cu9S CdClp
or CdS + 2Cu Cu0Sc.
ca
Care must be taken to exclude cupric (Cu+ ions from the
solution during the reaction. This was achieved by employing
a saturated solution of CuCl and hydroxy!amine hydrochloride
44
NHOH. HC1 to ensure the reduction of Gu to Cu » The hydro¬
xy 1 ammonium ion reacts with any cupric ions present according
in
Cuprous chloride was chosen as the source for producing
cuprous Cu ions. Cuprous chloride, CuCl, is quite insoluble
in water, but the solubility is increased considerably by
adding other chloride salts such as potassium chloride (KCl)uW
sodium chloride. This increased solubility is due to the
formation of complex ions (CuCl) A CuCl . The mechanism
of Cu0S formation must involve the breaking down of these
complexes at the CdS surface. The solubility of CuCl in
water is also increased a lot by adding hydrochloric acid
in this research, Potassium chloride hydrochloric acic
were used to help to dissolve CuCl in water and to ensure
reduction of all the copper ions to the Cu state.
Deionized water was boiled for at least one hour to remove
dissolved oxygen. The reagents were weighed added one by










Different amount of hydrochloric acid was added to vary the
pH (see fig. 3.6 ) -value of the solution. The optinum pH value
was found to be approximately 2.5 The solution was
and
clear a the undissolved CuCl rested at the bottom of the
beaker. The solution could then be used to form Cu03
layers.
The cadmium sulfide samples were put inside a quartz
holder. The dipping solution prepared in the above method
was placed in a small oven set to 78°C. 78°C was selected
arbitrarily and used to make all cells to achieve standard™
was
ization. The quartz holder filled with samples then
immersed into the solution completely and the dipping
time was varied from one second to several seconds. The
optimum time was found to be 2.5 seconds. After the dip¬
ping, the required layer of CuS was seen to form on the
surface. The cuprous layers are brown and nearly opaque.
The exposed photoresist was removed by acetone. The
samples were then washed in deionized water and spun try
and baked at 80°C in an oven for 5 minutes.
2.2.3 Electrodes Heat-treatment
Heat-treatment of the cells andAthin films was carried
out in the furance as shown in Fiv. 2.7. Heat treafmpnt
effect had been studied -?eiore ind df tct sic c t ro
va € re id £ ' before the properties
of the films can be tested or after the barriers had beer
formed for solar cells, electrodes had to be made with
the cadmium sulfide thin films and the solar cells. This
was accomplished by evaporating a layer of metal on the
f i 1mS or Acells Wi thA~nto ner rrip t a~i mp. p 1 r Because
indium c can form, ohmic contact with cadmium sulfide
easilyj it was used as electrodes in this investigation.
Fig. 3.8 shows the evaporator used for this purpose.
The pressure inside the evaporator was -num-oed hel ov
10 torr and the required geometry was shaped bya metal
(Mo) mask . After the electrodes had been formed,the
samples were then put inside a furance for several
- o
minutes at 160 G and then cooled at the mouth of the
furance. Film testing could be carried out only if the
samples were tested to be ohmic (it was always found to
be true for electrodes formed by this method) by a X--Y
plotter.
3.3 Measurements
3.3.1 Vacuum chamb e r samp1e hoiders
Most of the physical parameters were measured inside a
vacuum chamber. This set up is similar to the apparatus
6i
used by Harper. Mattews Bube for measuring photo ther¬
moelectric effects. The chamber is mainly made of copper
a stainless steel. Copper tube AAwas used to support the
sample holder andSwires forAheaters andAthermocouple wires
were led to the sample holder through this copper tube.
A glass rod which had been coated with silver was usee
p e p. wi n r3 o w for admi 1t ing
gM onto the sample i
Temperature control
of the whole sample was obtained by adjustment o f
the primary heater, while a temperature gradient was
obtained by using of the gradient heater (temperature
0,t6
gradient was notAfor solar cell measurements. The samples
could be electrically isolated from the gradient strip
by a thin piece of mica, and thermal contactswete made by
the use of heat-conducting silicone grease. Two pairs
of chromel-constantan thermocouples were attached
to the samples. Another pair of copper wires vds used
ill a
to provide Aelectrical inputs to the sample. Dry was
used to fill up the chamber to avoid moisture condensation
t but for most measurements at low temperature an Edwards
oil free vacuum pump was used to pump down the pressure
inside. Direct current was used for the heaters and the
whole setup (including all lead wires ) was shielded
properly to avoid noise and interference.
Sample holders for measuring thin films and solar
cells at room temperature are shown in Pig 3®10 and
Fig 3.11, 1-ejpe-C-tive.ly.
T—V measurementp,
The circuit used for current measurement fsolai
cells is shown in Fig 3.12. This is actually a current
to voltage convertor and the current (I or I ) can
s c
be found by h This circuit gets the
advantage that the input impedance is approaching
zero and the output can be fed directly to a X-Y recorders.
The forward and reverse I-V characteristics for solar
cells in the dark and under illumination were made bv usina
the circuit shown in Fig 3.13. A H. 1.time base unit was used
to controlAvoltage of the cell through the potentiometer.
The voltage at the output of the solar cell was measured
by a Keithley solid state 602 electrometer which was fed
into a MFE Plotamatic 715 X-Y plo tter. The current passed
through the solar cell was measured by the I-V convertor
which was fed in the vertical axis of the same X-Y plotter
as shown. Sometimes a Philips PM 6507 transitor curve
tracer was used to display the I-V characteristic. Some
I-V characteristics were also recorded on Polaroid films
using the curve tracer.
For thin film, measurements, the currents passing
through CS films were mainly made with the Keithley 602
the
electrometer whileAvoltage measurements were made with a
H.P. 3465A digital multimeter.
3.3.3 Thermoelectric power (for thin films )
Thermoelectric power was measured in the vacuum chamber
as shown in Fig 3.9. The sample was fixed with silicon
grease on the surface of the mica which was put on the top
of the sample holler. At the end of the sample holder, there
was a heater which could be used to establish a temperature
gradient across the sample. The primary heater at the lower
end could be used to control the overall temperature of
the sample. For low temperature measurements, the level of
the liquid nitrogen outside the chamber in Fig. 3.14 could
be controlled, and hence the substrate temperature could be
monitored. Lead shots inside the chamber were used to improve
the thermoconductance between the samphe and the end of the
chamber. Two Omega thin thermocouples mounted at two ends of
the sample were used to find the temperature of the two ends,,
The output from the thermocouple, with one junction in ice-
water, was fed into a H.P. 3465A Digital multimeter. The
voltage across the sample could be measured from two copper
wires soldered at the ends of the sample or thermocouple
leads could also be used for this purpose.
The arrier concentration was obtained by thermoelectric
power measurements. A temperature gradient was applied on
the sample and a series of V?s and the corresponding Ts s
were taken. The thermoelectric power was then determined by
the slope, which is proportional to the logarithm of
the reciprocal of the carrier concentration. It is also
important to notice that one-point measurements for
thermoelectric powers are not accurate for an off-set voltage
may occur due to the photovoltaic effect, a high resistivity
of the sample, or a, residual voltage after the application
of an electric field.
3.3.4 Effects of light intensity
Performance of the thin films and the solar cells under
different light intensities measured in vacurnn
chamber. G-66 (made by Oriel Optics Corporation)
neutral intensity filters were used to vary the light
intensities• Photoexci fcation wasAwith a SP microscope
lamp operated at 6 volts. For thin film measurements,
photoconductivity and dark conductivity were measured
byreavdirw Recurrent through the sampleAby a 1.35V
Duracell mercury battery . Readings could only be taken
after the a darkness j-or at least two hours or affoh the
neutral intensity filter had been installed for two
hours® In order to find the carrier concentration
under illumination, thermoelectric power was measured
under different light intensities
The variation of V and I for solar cells with
o c sc
different light intensities were taken directly by the
H., P 3465A digital multimeter and the short circuit
was taken by the current to voltage conversion
network.
3.3.5 Dow temperature measurements
Characteristics of the thin films and solar cells
at different temperature ( from. 60° C to -120 C )
were measured in the vacuum chamber® Fig 314 shows
the apparatus used for temperature measurement® The
vacuum chamber was placed at the top of a moving tower.
The moving tower could be moved and put under different
light sources. A thermal flask was placed on the holder
of a worm and gear system as shown. By turning the handle
, the thermal flask could he slided up and down, inside the
tower. For low temperature measurement liquid nitrogen
was poured into the thermal flask® By adjusting the
height of the thermal flask, the depth of the liquid
nitrogen touchingthe vacuum chamber could be controlled amd
so the temperature of the sample could also be
varied. The teirqDerature inside the vacumn chamber was
monitored with chrome1-constantan thermocouples.
3.3.6 Spectral response of photocurrent
To measure the spectral response of the photovoltaic
cells a Bausch and Lomb type 33-86-76 and 33-86-77 gratings
monochrometer was used with a tungsten light source as
shown in Fig 3.14.- The second and higher harmonics were
filtered out by Optical Component Standard Color filters.,
The spectral response data were normalized to an intensity
of 10 mW. The spectral response (short circuit current )
for different cells and the photoconductivity for different
Gd films had been measured.
Figure Captions
3.1 Schematic diagram of the hot plate used to prepare
chemically sprayed CdS films
3®2 Apparatus used for chemical spraying technique
3© 3 Schematic diagram for tin oxide fabrication apparatus
34 Flow diagram showing the fabrication processes to
make CdS-CuS solar cell
3©5 Geometry of CdS-CuS cells fabricated on glass
substrates
36 Schematic diagram of the apparatus used to measure
pH value of the dipping solution
3©7 Furnace used for heat treatment
38. Evaporation of In on samples
3©9 Schematic diagram of the vacuum chamber used for this
inve s tigatio n
3®10 Diagram of sample holder for CdS thin films measure¬
ments
3©11 Diagram of sample holder for solar cells measure¬
ments
3©12 Circuit for measurement of short circuit current
3.13 Circuit for measurement of light generated I-V
characteristics
3©14 Circuit for measurement of photoresponee
3.15 a0 Photograph of the hot 4plate used for chemical spraying
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RESULTS - CdS THIN FILMS
The aim of this chapter is to get as much information
concerning the physical properties parameters of the
chemically sprayed CdS films as we can. In the light of
this situation, we have investigated the electrical
resistivity, mobility the carrier concentration as
functions of film thickness, post™spraying treatment and
sensitivity of the films. Most of the films discussed
O
below were prepared at 300 C with a deposition rate of
o
about 72 A per minute
The films prepared in this way were semi-transparent
and had a yellow-orange appearance. This is due to the
o
fundamental absorption edge of CdS at 500OA. The thickness
of the films were found to vary from 0.5m to 3.5011 for
200 ml to 1200 ml solution used. The time required to
spray these films was between 8 hours to 1,5 hours. For
the present investigation, an extremely large number of
samples would be necessary to cover the range of the
parameters which are of interest. Measurements were
a
performed underanormal microscope illuminator and could
only be taken after 4 hours of illumination or darkness.
4.1 Thickness solution used
The thickness of the films was found to varv
linearly with thesolution used for a specific spray
rate ( 2.8 mlmin, )and substrate temperature (300° C )
as shown in Pig 4.1. it was also found that the deposition
rate was higher at lower temperatures and the films made
in such a way had a yellow-red appearance. These films
6 ?
might give different physical characteristicsf. and
the yellow-red colour was due to additional absorption
near the intrinsic absorption edge. The fact that
the films were changing from orange to yellow as the
substrate temperature was increased agree to the observation
reported by Wilson Wood .
4»2 Resistivity
Although the films were prepared in different ways,
all films had a linear dependence between the logarithm
of the conductivi ty i and the reciprocal of the absolute
temperature in large parts or the whole portion of the
curves shown, in Pig. 42 and 43 for two typical films .
The variation of conductivity with temperature suggests
the eouation of the form
(4-1)
where Ea is the activation energy which is a, function of
the construction of the barriers and the light intensity.
Q vn f 1 n the slopes of the curves in
Pig. 42 and Pig. 4.3 give the activation energv of
the films. The activation energv varied from 0. eV to
« - 'v - .y ®
0.031 eV for CdS 15. 1 ( J . 3vm)A. The logarithm of th
activation energy varios roughly linearly with the logarithm
of the light intensity as shown in Pig. 4.4. Pig.4.5
Pig. 4.6 show the variation of conductivity as a function
ofl ight intensity (~ 30 mWcm ). From the diagram., it
is clear that conductivity changed slightly with temperature
hut there was a large change in conductivity with different
light intensities.
4.3 Mobility carrier concentration
Fig. 47 shows a typical plot of the measured
thermoelectric voltage versus temperature difference for
a sample ( CdS IS5) in the dark and under various excitation
intensities. Electron densities were calculated from
equation 2,4 using: thermoelectric factor A=2 and
I r
electronAmass rn = 0.25 m . Corrections had also be made an6 G
for the change in N under different temperature. ExtensiveV
measurements were made on films of two thicknesscs(type As
3.45 microns-CdS 13 and type Bs 1,3 microns-CdS 15 )
In allmeasurements, the mobility of the CdS films was
2
found to vary from 30 to 0,2 cmV-S undermicroscopic
illumination (30 mWcm ) and 910 1 to 210 Cm V-S
in the dark. Figures 4.8 through 4.10 show the conductivities }
3 carrier concentrations and mobilities of films
from type A type B as a function of temperature and
white light illumination. From figures 4.8-4.11 it is
clear that mobility was relatively low in our films and
the carrier concentration was found to be quite high. In
Fig. 4.8, the electron density was independent of light
intensity for CdS 13.1 and the mobility increased with
an increase in light intensity. However for thinner
films (CdS 15), both mobility and electron density changed
with light intensity as shown in Fig 4.9. The change in
mobility was relatively larger than the change in electron
density.
Fig, 410 fig. 4•11 show the results of thermoelectric
determination of electron density and mobility as a function
of.reciprocal temperature in the dark and for several
photo excitation intensities for samples CdS 131 arid GdS
159 Electron density in the dark decreased slightly
with temperature and the dark mobility was thermally
activated for both GdS 13.1 CdS 159 Electron densities
under various photoexcitation intensities also decreased
slightly with an increase in temperature for bothAfilms
but there was a broad maximum for GdS 131- The mobility
under photoexcitation varied with temperature in a much
less extent compared with the variation of dark mobility
wi t h temperature ,
4.4 Effects of film thickness
The variation of the resistance of a sets of films
IS
as a function of their thicknessAillustrated by the curves
X
in Fig. 4.12. As expected from.normal consideration,
resistance of the films decrease with thickness. Films
used in this investigation were prepared under the same
physical conditions: the glass substrates were held at
300° C, the spray rate was 2.8 mlmin 1:1000 iodine
doping was also present. The control of the thickness
was done by varying the spray solution used since this
is proportional to the thickness as pointed out
previously.
The light to dark resistance ratio of the films was
found to be very high for.thinner films but this ratio
decreased with jHrn thickness• In the dark, the resistance
decreased very rapidly with thickness from 0.5 to 1 m.
Prom XMm onwards, the logarithm of the resistance varied
nearly linearly with thickness,, Under the illumination
of white light, resistance decreasedAvery slowly for
thickness larger than 2 jm and became saturated after
3 M m •
figure 4®13 shows the variation of average resistivity
with thickness and the curves were taken in the vacuum
chamber (Pig. 4.12 was not taken in the vacuum chamber).
Curve A in Pig. 4-13 is very similar to curve A in Pig.
4®12. But curve B for which the CdS thin films were
under the illumination of the microscope illuminator got
an increase in average resistivity when the thickness
was larger than 1.5m. In order to give a better picture
of the above observations curves for mobility and carrier
concentration against thickness are shown in Pig. 414
Pig. 4.15. It can he seen that both dark light
mobilities increased sharply with thickness but the dark
mobility became saturated at about 2 p- m and the light
mobility decreased slowly from 2 p.m. as well. The electron
density was found to increase slightly with thickness in
all cases as shown in Fig 415
4.5 Heat treatment
In order to test whether heat treatment can change
the physical parameters of the chemically sprayed CdS thin
films some experiments had been.done. It was found that
resistivity decreased with heat treatment in
atmosphere. Figure 4.16 is a typical curve which shows
the variations of mobility and carrier concentration
with heat treatment for thin CdS films. The mobility
increased sharply with heat treatment but decreased very
cj
slowly after 8-hour heat treatment in atmosjihere at
300° C. Carrier concentration was found to increase
with heat treatment time «n all cases. Fig 4.16 was
found from six samples within the same lot ( CdS 14 -
0,6 a m thick ). Heat treatment had also been done with
thick CdS films, howerer the change in conductivity by
heat treatment was found to be very small and no
|r Ci A
significant arguement can be drawn the results.
Figure Captions
4.1 Thickness versus spraying solution used at an
average spray rate of 2,8 mlminute,
4.2 Conductivity as a function of reciprocal temperature
for sample CdS15.1 in the dark and under various
excitation, L=1 corresponds to white light excitation
p
of about 20 mW cm .
4.3 Conductivity as a function of reciprocal temperature
for sample CdS 13.2 in the dark and under various
excitation, 1=1 corresponds to white light excitation
of about 2OmWcm.
4.4 Activation energy against light intensity for sample
15.1. 1=1 corresponds to white light excitation of
about 20 mWcm.
4.5 Conductance as a function of light intensity, for
sample 13.1? 1=1 corresponds to white light
excitation,
4.6 Conductivity as a function of light intensity at
different temperature?.
4.7 Typical plot of thermoelectric voltage versus
temperature difference for sample CdS 15.5 under
2
white light excitation intensities of 20 mWcm
o n rl a +- In ss rl o Trlr
4.8 Conductivity carrier concentration
mobility versus light intensity at -84 0 C
for sample 13,1 . L=1 corresponds to white light
2
excitation of about 20 mWcm ,
4.3 Mobility and electron density versus light
o
intensity at 0 C for sample 15.o . 1=1 corresponds
2
to white light excitation of about 20 mWcm~.
4.-10 Light dark carrier concentration light
dark mobility as a function of the
inverse of the absolute temperature for GdS 13.1.
4.11 Light dark carrier concentration
light dark mobility as a function of inverse
of the absolute temperature for GdS 15.9. The
intermediate light intensity corresponds to a
thousandth of the maximum value.
4.12 Light dark resistance versus sample thickness
measured at room temperature ,
4.13 Light 8c dark resistivity versus sample
thickness measured at room temperature.
4.14 Light dark carried mobility as a function
of the film thickness measured at 60° c.
4.15 Light dark carrier concentration
as a function of film thickness measured at 60 C.
4.16 Light 8c dark carrier concentration light
dark mobility as a function of the period
Q
of heat treatment at 300 C in a nitrogen atmosphere.
The immediate light intensity corresponds to one-
tenth of the maximum value.
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Experimental Results: CdS~GupS solar cells
5.1 Fabrication Parameters
nH Vfl.bip of the dlnni rip solution
It has been found that dipping solution can affect
the performance of the cells very much. V I have
oc sc
been plotted as a function of the pri values of the
dipping solution as shown in Fig® 5.1. Each point represents
a cell in the same lot each cell was made under the same
0
conditions, namely heat treatment at 290 G for 15 minutes®
It can be seen that I increases with decreasing pHs c
values of the dipping solution and levels at a pH. value
of 2.8® The output voltage also increases with decreasing ph
values from 42 to 2.5 but it falls rapidly for a ph
value higher than 20 an shown in Fig® 5 • 1 • A broad maximum
of about 0.42V can also be seen from this graph. Cells
with acidity higher than a pM value of 1.5 could not be
fabricated because copper sulphide layer did not form
the
on the surface cfcadmium sulfide at such high acidity.
This is probably because of the high concentration of
hydrogen chlorine ions which attack cadmium sulfide.
The rise in I V by the addition of HC1 is
sc oc
mainly due to the fact that CuCl is quite insoluble in
water, but the solubility is considerably increased by
the addition of hydrochloric- acid. This increase in
solubility has been due to the formation of complex ions
like (CuCl9) and the formation of copper sulfide must involve
the breaking down of these complexes at the CdS surface. It
is also obvious that if the acidity (HC1) of the solution is
tii e
low, there is a lack of cuprous ions (Cu.r) to forinCUpS layer.
However, the decrease in V % by further lowering of pH values0 0
of the solution for fabricating our cells was due to the fact
the
that there was an increase in shunting losses for high acidity.
Dipping time effect
The results of I and V for different dipping time is
sc o c
plotted as shown in Fig. 5.2 for cells within the same lot.
The photoresponse of the cells after dipping and without heat
treatment were found to be low and the results were rather
random hence no result of this nature has been shown. However,
cells without heat treatment bear roughly the same relation-
the
ship withdipping time as the heat-treated cells. Curves
1(b) and 1(a) show V and I versus the dipping time for 15
oc sc
minutes heat treatment at 250°C and curves 11(b) and 11(a) show
vnor
V and I versus the dipping time with 10 minutes o-f heat
oc s c A J
treatment. The optimum dipping time for this standard solution
(see Chapter 3) was found to be between 2.4 to 3 seconds. From
Fig. 5.2 it is obvious that both V and I are small if the
o c s
dipping time is short. The I drops quite rapidly and the'S V
V falls slowly if the dipping time is too long. Four other0 c
lots of samples had also been used to dip in solutions with
different concentrations of CuCl. If the concentration of the
solution was increased by adding more CuCl, the reaction
was too fast to controlc For a lower concentration of
the solution, a layer of CuS could still be formed on
the CdS but it required a longer dipping time and the
photovoltaic response was poor. Because of the above
reasons, a dipping time of 25 seconds for the standard
solution was chosen for this project
5 2 Post fabrication heat treatment effects
Heat treatment has been shown m Figure 5 a 3 to
5.8 All these curves show that heat treatment can
really affect the performance of the cells It is
observed that V I increase initially with heat0 c SC 47
treatment then decrease slowly for excessive heat
treatment. The characteristics shown are typical ones
in a series of more than one hundred samples From
the curves, it is found that the improvement in
photovoltaic response produced by the heat treatment
was achieved in 10 to 15 minutes at 300° 0 The
above heat treatment method has been adopted for most
of the cells in this research Occassionally a heat
treatment of 15 minutes at 250° G plused 5 minutes
0
at 300 G has been used to fabricate CdS solar cells
The curves in Fig 5.3 Fig 5.4 were obtained
from different cells whereas accumulative heat
treatment effects have been shown in Fig. 5.5 to
Fig 58. From the first two figures it is clear
that heat treatment at or above 350° C can easily
destroy the cells. Heat treatments below 300° G
bring V I to a higher value than the value beforeO v s c
heat treatment but they tend to saturate ( or even decrease)
for long periods of heat treatment,, The maximum values
of I V obtained for heat treatment temperaturebv O O
below 3 0Q° C were found to be lower than the maximum
values of I V obtained after 30 0° G heat treatment.
sc oc
Relatively speaking, after the maximum values of Vo c
I were attained. V dropped very slowly whereas I
sc ' oc J ° SC
dropped rapidly with further heat treatment. From the
accumulative heat treatment curves, it is also clear
that a brief heat treatment at low temperature could
increase I V to certain values but further heat
SC 0 c
treatment for a very long time at the same temperature
could not increase the response any further but could
decrease V I slowly. If the above mentioned
o c s c
cells (which had been heat treated for several hours
at low tempweature, say 150°C ) was further heat treated
o o
air a higher temperature('say, 240 C or 290 C ) for a
short while, the photovoltaic response was further
increased. Thses effects have been observed in all
our cells.
53 Thickness of substrates
V I versus the thickness of OdS substrate
oc sc
have been plotted as shown in Fig. 59 It is found
that I increases quite rapidly with the thickness of
the CdS substrate but it levels off at above 3 p. m.
Yhen the thickness is above 2.5 U m, I still increases7 sc
very slowly but V begins to decrease. When the thicknessU O
is above 6 im, both II V drop the photoresponse ofo CO C
the cell becomes very low. It must be noted that the
the curves were measured for cells deposited on glass
substrates and no reflection coa.ting had been used. The
light intensity was roughly equal to the average sunshine
in April in Hong Kong. Prom the above graphs it is also
clear that values of I increases markiv with an
sc J
increase in number of electrodes (slots) per cm whereas
V remains nearly constant,
o o
5 4 Spectral response
I0 doped cells2
The spectral response of 1 IoC of a typical cell
formed on I9 doped GdS is shown in Pig. 5.10a Pig. 5.10b.
The curves in Pig. 5.10a show the spectral distribution
of the 1 after the cell had been baked in air at
sc
160° C for 12 minutes, at 250° C for 15 minutes and
o
at 300 G for 5 minutes successively. There are two
major peaks for each of the curves. Por the first
curve, the peaks are at wavelengths 0.49rnand 0.58 A m.
After further heat treatments the two peaks move back
to back hence the spectral response is much broader
than before. This shows that short circuit current
increases sharply with heat treatment. The increase
in current for wavelength 0.49 M m is smaller than the
current increase for wavelength 0.58 J m. The current
increase for the longer wavelength was more than six
times• After a heat treatment of 5 minutes at 300°C,
the 490 dm peak moves to .488 im and the peak at 0580
idm moves to 0600 UmD Fig 5.10h shows the spectral response
for further heat treatments. The response at wavelength
049 dm drops rapidly at first but there is also a further
rise in response from wavelengths 06 dm to 075 d m. The
response at wavelengths longer than 075 dm drops for
further heat treatment. The decrease in response becomesA
more significant at longer wavelength as shown For
long period of heat treatment ( the lowest curve ), the
response at short wavelengths( especially, below 0.5 dm)
drops to very low value but the response at 0.7 dm
remains relatively large. The spectral response for
wavelengths longer than 0.9 dm was too low to measure
It is significant that the peak previously found at
0.580 dm shifts to 0.700 dm for long period of heat
treatment but the peak at 0.490 dm moves to 0.538 iin
The spectral response was not affected to any mark
extent by the presence of Ip since the response shown
in Fig. 5.10 is similar to Fig. 5.11. The only difference
is that samples doped with Ip usually can attain the
maximum response a little bit sooner than samples without
doping.
The spectral responses for various dopings are
shown in Fig. 5.12. All these curves are very similar
to the curves obtained in the previous discussion. The
curves were measured after heat treatment at 250° G for
15 minutes a further heat treatment at 300°G for 5 minutes.
The curves have essentially similar features they all
have two peaks , but there is a small difference in 'a
position of the peaks. Curves for I0 doped cells cells
with no doping have nearly the same shape with peaks at
0.5 im and 0.6 im. The spectral response for HC1 doped
and InCl doped cells are sharper. The peaks for HC1
doped cell have shifted to longer wavelengths (at 0.532
0.720 Ji m) and there is a valley at 0,6im. The response
for wavelengths shorter than 0.5 ini is suppressed for
the InCl doped cell and the peaks are at 0,525 im
and 0.600 im respectively.
Front wall cells are usually used for this
investigation. Fig. 5«13 shows the difference in spectral
response between front wall and back wall cells. For
front wall cells, the spectral response is found to be
broad but the responses at long wavelengths are smaller
than those obtained for back wall cells. The short
wavelength response is the major difference between front
wall back wall cells. The short circuit current drops
very rapidly for wavelengths shorter than about 0.46im
and the response decreases three order of magnitude at
0.4 im for back wall cells. Two peaks always exist
for all the curves shown. During the measurements a
piece of white paper had been placed at the back of
the solar cell under question for curve C to act as a
reflector to reflect back the transmitted light whereas
there was no reflector at the back of Curve A and B. It
can be seen that the reflector can enhance the spectral
response especially for wavelengths between 0.5um to
i
1.0 p. m but the enhancement is small for wavelength shorter
than 0.48 p m.
5.5 VA and I
6 c sc
The following table (table 5.1) gives the details of the
dopants, substrates and results obtained for various CdS-CuS
solar cells. All cells are made by the same standard method as
described before and a post-fabrication heat treatment at 300°c
for 15 minutes or at 250°C: for 15 minutes plus 5 minutes at
300°C had been used. The maximum short circuit current was
found to be 6.2 mAem for a I0 doped CdSon a InO substrate
with a light intensity of about lOOmWcm . The average short
circuit current for cells with InO or SnO substrates is about
5.5 mAcm and the open circuit voltage was found to be about
p
0.3 V (light intensity was approximately equal to 100 mWcm ,
this implies that the external efficiency was about 1 fi).
The maximum open circuit voltage has been found to be 0.43 V
for cells fabricated on glass substrates. Even though the cells
doped with I9 seem to give larger V and I (see table 5.1),cL 00 SO
actually, cells fabricated with or without I doping have
roughly the same performance. On the other hand, cells
fabricated with other dopants are relatively inferior compared
with the above two kinds of cells.
5.6 Intensity Dependence of Photovoltage and Photocurrent
1
Pig. (5.14)and Pig (5.15) illustrate the intensity
dependence of the short-citcuit current and open circuit
voltage for two samples. The light source for Pig.(5.14)
2
was estimated to he 25 mWcm whereas the light source
for Pig.(5.15) was 10 mWcm approximately. Short circuit
current depending linearly on intensity was observed in
all sampler The open circuit voltage decreases logarith-
%
mically with decreasing light intensity as shown in
Fig. (5.15).
5.7 Temperature Dependence of Photovoltages and
Photocurrent
Fig.(5.16) and Fig.(5.17) show the variation of the
short-circuit current and open circuit voltage with
temperature at low light intensity. The short circuit
current remains roughly the same value from room temperature
to -60°C as shown in Pig.(5.16). The open circuit voltage
o
nearly doubles its value from room temperature to -60 C and
the variation is linear. The open circuit voltage saturates
and becomes independent of temperature below -60°G.
The temperature dependence for a cell illuminated with
relatively stronger light intensity is shown in Pig.(5.17).
The short circuit current decreases by about fifty per cent,
from room temperature to -100°G. The open circuit voltage
increases linearly by about fourty per cent for instant
measurement but the steady state value increases by only
twenty per cent after illumination for about one minute. It
saturates below -750.
5•8 I-V Cliaracteristics
Since I-V characteristic shows the overall performance
of solar cells and can reveal parts of the mechanisms
governing the operation of solar cells, more than two
hundred such curves had been measured under various
conditions, We found that the I-V curves for our CdS-CuS
solar cells depended very much on the fabrication
parameters and the post-fabrication treatments. The I-V
curves were different from device to device (of course
the general trend remained the same within the same lot).
Some typical examples are chosen for the following
discussion.
Pig (5.18) illustrates the I-V characteristics of
some typical cells measured. Fig (5.18a) shows three
typical graphs obtained before heat treatment. The
change in dark current and photocurrent for forward bias
is small. The open circuit voltage and short circuit
current are normally small. The apparent diffusion
barrier obtained from the dark and light I-V curves
before heat treatment are small and the difference
between cells is also small, I-V curves after heat
treatment give much better 9 diode like' characteristics,
The cross—over effect is significient, The dark series
resistance increases with heat treatment whereas in the
light, the series resistance is unaffected (sometimes,
even decreases with heat-treatment). But for better cells.
the dark and light series resistances remain roughly
constant before and after heat treatment (especially for
those with InO or SnO substrates). There is a very
slightly decrease in shunt resistance for the cells
shown in Fig (518 b( i )), but there is a decrease in
shunt resistance for the cells shown in Fig (518 b( ))
under illumination.
Nearly all over-heat treated cells Fig (518 c)
show low shunt resistance under illumination and most
of them have high cut-in voltage in the dark but there
are some exceptions as shown in Fig (51.8 c( !i ))
Several typical dark I-Vs (= V - IR ) curves
o s
under different temperature have been plotted in Fig (519)»
It is obvious that the slopes of the curves are roughly
constant and IQ decreases with increase in temperature®
Influence of excitation on I-V characteristic
Fig. 5.20 Fig. 521 show the I-V characteristic
measured iiin the dark and under different intensities of
illumination. It is important to note that the intersection
occurred in the exponential parts of the curves and that
the light intensity increases in the direction as shown
by the arrows on the diagrsmu Fig. 5.22 also show
polaroid traces of the dark light I-V curves from two
samples. The upper curve in each photograph is the dark
characteristic . The lower curves are the light generated
I-V characteristics. As seen from these figures ? it is
xU
quite clears series resistance is still high and shunt
resistance is relatively low. The fill-factor was found
to be approximately fifty percent.
Pig, 5.23 Pig. 5.24 show the I-V characteristics
under the illumination of different wavelengths. Since
the output intensity of the monochrometer is small, the
variations in V I are small. However, the value
0 c sc 1
(obtained by extrapolating the linear portion of the
forward portions of these curves to I =0) can be seen
to depend very much on the wavelength of light source.
The output power of the mono chromato r is not constant
for different wavelengths and the relative intensities
for different wavelengths are shown in table 5.2.
Pig. 5.24 shows the other picture (a better cell)
of the I-V characteristics under the illumination of
different wavelengths. Prom these two diagrams, it
is clear that the series resistance did not vary much under
different illuminations( including wavelengths intensity)
but the value 1J changed significantly under different
wavelength of illumination. Sample 54.15 shows a larger
change in shunt resistance than sample 58,26 I fc w- «
Vqc bear no simple relationship with ( for these
two diagrams.
Table 5.1










Glass HC1 (pH=4) 0.4 0.5
Glass HC1( pH=3) 0.38 0.6
Glass Excess sulphur 0.20 0.2
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of cells in the same lot (No. 22) as a
function of the heat treatment time at 150°C




of cells in the same lot (No. 22) as a function of
the heat treatment time at 150°C (o)„ 200° 250° C
300°C 350°C (x), and 400°C
5.5 Relative 1
sc
of cells in the same lot (No. 22) as a
function of the accumulative heat treatment time at
150°C (), 200°C 250°C and 300°G
5.6 V
OC
of cells in the same lot (No. 22) as a function
of the accumulative heat treatment time at 150 0, ()»
200°C 250°C and 300°G
5.7 Relative I
sc
of cells in the same lot (No. 15) as a
function of accumulative heat treatment time at 100°C




of cells in the same lot (No. 15) as a
function of accumulative heat treatment time at








versus thickness for (A) ten slots per cm and
2
(B) 5 slots per cm (the geometry of these cells is
shown in Fig. 35).
510 Spectral response of the short circuit photocurrent
for a typical doped cells (CdS47l6) after heat treat¬
ment (a) at 160°C for 12 minutes (o) , at 250°C for
15 minutes (x), and at 300°C for 5 minutes and
(to) 300°C for hours 300° for 1 hour and
300°C for 2 hours
511 Spectral response of the short circuit photocurrent
. for a typical cell (4913) without doping after heat
o
treatment for 12 minutes at 160 0 (o), 15 minutes at
250°G and 15 minutes at 300°G,
512 Spectral response of the short-circuit photocurrent
for cells with different dopants: InCl (o)? IiCl (x ) ,
Cd! 2 and without doping
5.13 Spectral response of the short-circuit photocurrent
for a typical cell under different conditions:
(A) Back wall cell? (B) Front wall cell and (C) Front
wall cell with a piece of filter paper at the back
5.14 Dependence of open-circuit photovoltage and short-
circuit current light intensity for sample 47.6 (I0
doped). L = 1 corresponds to white light excitation
of 25 mWcm.
5.15 Dependence of open-circuit photovoltage and short
circuit current on white light intensity for
sample 49-6 (without doping)f L =1 corresponds to white
2
light excitation of 10 mWcm an-proximately.
5.16 Open-circuit voltage and short circuit current
as a function of temperature for sample 49.7 (without
doping). L=1 corresponds to white light excitation
2
of 10 mWcm approximately.
5.17 Open-circuit voltage and short circuit current as a
function of temperature for sample 477.7 (I2 doped).
2
L=1 corresponds to white light excitation of 25 mWcm .
5.18 Dark and light-generated I-V curves
(a) Before heat treatment
(b) After heat treatment
(c) Over heat-treated conditions.
5.19 Forward I-V (V9-- V - IR , see Chapter 2) in the dark
o s
as a function of temperature for sample 55.17
5.20 I-V characteristics under different light intensities
for a typical cell (CdS 61.12). The intensity increases
in the direction as shown by the arrow on the graph.
5.21 I-V characteristics under different light intensities
for a typical sample (CdS 28.11)
5.22 Polaroid traces of the dark and light-generated I-V
curves for two samples .
(a) 5516 (vert. 100jLADIV , horz. 0.2 VDIV)
(b) 5827 (vert. 100AADIV, horz. 0.2 VDIV)
523 I-V characteristics under the illumination of different
wavelengths for sample CdS 5826 The output light
intensities for different wavelengths are shown in
table 52.
524 I-V characteristics under the illumination of different
wavelengths for a better cell (CdS 5415) table 5.2





































1 2 3 L F K




































1 23 4 5 6 7 89 1(




































7 ft Q 1




















1 ? 3 A 5 P 7 Q Q in




















































1 2 3 4 5 fi








































{m I I i — J .f —
]0Z 03 0.4 0.5 0.6 0.7 0.8 09 10 1.1 1.2
o
oo






































03 0% 0.5 0.6 0.7 08 0.9 1.0 1.1 1.2 1.3

















































1.0 OQ Ofl 07 OR OR OA 03 O? Ot














30 20 10 n -in -?n -in -An





t r m d r d a t ii p r °r





















(a) BEFORE HEAT TREATMENT
(i) (ii) (iii)
(b) AFTER HEAT TREATMENT
(i) (ii) (iii)
(c) OVER HEAT TREATED CONDITIONS


















m n? m 04'05 0.6 0.7 0.8 0.9 1.0 1.1 12 W


















































FlfillRF Fv 9 9
0
_lingnan institute of business administration
MASTER THESIS - DIRECT SELLING SURVEY BY HO YU-CHOI
TARIC S 1 17 A AC A Dm ID C cnocrscr DC CAlCQ wni KMC KICYT MnMTW
FORFCAST OF N F XT MONTH + S SA I FS VOLUMF •H K 5 =
n ion poo 3nn a o 0 son ovfr no
500 A WSUF CBASE
DISTRIBUTORS1 AGE GROUP 59 12 6 4 1 5 3 pi n
100.0 100.C 100.0 100.0 100.0 1 on. 0 100.0 100.0 100.C





on no on no o o on o o n.o on
100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 - UNDER 30
COL
ROW
38 7 A P 1 7 2 1 ft n
6 4 . A 58.3 66.7 6 o. o 100.0 60 0 66 7 66 7 0 0
10 0.0 18.9 10.8 s A 2 7 8 1 5 A Aft . 6 0.0
30 - llwnFR AO
COL
ROW
13 3 1 2 0 1 1 5 n
22.0 25.C 16 7 50.0 0 . 0 p n n 33 3 1 ft 6 0 . 0
100.0 7 7 1 7 7 15.4 0 0 7 7 7 7 7ft 0 0
AO - UwnER 5 C
COL
ROW
6 7 1 0 0 1 0 7 0
10.2 16.7 16.7 0 . 0 0 . 0 2 0 . C 0.0 7 A n r





3. A 00 0.0 0.0 0.0 0.0 0.0 7.4 0.0





n nno on n.o on 0.0 On 0.0 0.0
100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0






























The variation of conductivity with temperature for
all our films can be expresse d by eqt. (4.1)
The -pre-exponential factor o was found to be of the orderlst n
10 5 for most of our films
both in the dark and under white light illuminations. In
most casesf jQ decreased slightly with increase in light
intensity. From Fig. 44, we can estimate that E dependsCv
on relative light intensity, I, according to the following
equation:
where E = the activation energy under full light
ao
i n t p ri s i t v
oc = a constant
I - relative light intensity
For CdS 15-1j we found that
E = 0.031 eV
a = - 0.13
and the empirical formula for the activation energy E of
0 18
CdS 15-1 may be expressed as E = 0.031 IcX
161
High photosensitivity 65' 66 vas found in all our films
with thickness less than lµ m. This phenomenon may be caused
by the introduction of impurities like iodine and copper to
form photosensitizing centres. Sensitizing 1'2 effect
arises in the following way. Photosensitivity in CdS is
associated with the presence of compensated acceptors.
These acceptors are negatively charged, so that they have
a much larger cross-section for the capture of free holes
than they have subsequently for the capture of free electrons.
For high light intensities, both the electron Fermi level from
the conduction band and the hole demarcation level from the
valence band decrease. The sensitizing centres become occupied
primarily by holes and if the concentration of the recombinat-
ion centres (roughly situated at the middle of the energy
gap) and the sensitizing centres are much larger than the
density of free carrier, the electrons initially in sensitiz-
ing centres will be effectively transferred to recombination
centres. The lifetime of a free electron is thus increased
because now it will encounter centres mainly with a small
capture cross--section.
6.2 Mobility and Carrier Concentration Concentration
Bulk photosensitivity of the CdS film has been discussed
in the previous section. However, in actual cases, CdS thin
films prepared by the present method are polycrystalline in
nature. As discussed in Chapter two, the major factor
governing the photosensitivity of these films is the grain
boundaries. The difference in orientation, the surface
efiects, the dislocation of the bonds can also play important
parts. As observed in Pigs. 4.3-11 that most of the
photoconductivity effect is the result of a change in
mobility. Prom the present investigation and other research work
mobilities increase with temperature. Usallv there is an
exponential dependence on . This suggests that our films
may be governed by Petritz's Equation (Eqt. 2.19)
This equation expresses the electron transport in polycrystallin
films in which the current is limited by the potential
barriers existing at the intergrain regions. The increase
in effective mobility sensitivity can be resulted from
(i) a change in and (ii) barrier lowering due to traping
positive charges in impurity centres at the intergrain
barriers. The value of has been found to vary from 5
2
to 200 cm V-sec for different samples. However, is
usually found to vary less than 50°o of a mean value for
different excitation (whereas fj is changed several order
of magnitude) for individual samples. This is to be expected
M
since u - ——-~rr which depends mainly on the preparation
1
parameters only. Graphs of mobility versus light intensity
have been plotted in Pig. 4.8 to Pig. 4.11. It is clear
from these graphs and from the above discussion that the
change in conductivity was mainly due to the change in
mobility and the change in mobility was a consequent result
from a change in barrier height of eqt. 2.19 for different
intensities. Considering that the barrier is caused mainly
by the localized electrons in the barrier as shown in Fig.2.2,
the barrier height 0 can be expressed as a function of the
67
carrier densities m the grain and the grain boundaries,
where nn = the density of electrons in low resistivity
region (grain)
n~ = the density of electrons in high resistivity
region (grain boundary region)
This equation expresses the barrier height as a function
of the carrier concentrations in the grain and grain boundary
region. The change in barrier height can be calculated from
the new density of electrons in both regions. The barrier
height decreases because the change in Fermi level in the
grain for a given excitation (e.g. under white 11ght
illumination) will he smaller than the change of Fermi level
in the intergrain boundary region. The new barrier height
can be expressedi.
wherein = the induced electron density cm'.
From Fig. 4.11 it can be seen that the mobility under
photoexcitation is no longer thermally activated
at low temperature. This phenomenon may be explained by the
effect of the tunneling of electrons through the barriers
(see chapter two). Photogenerated holes can be trapped at
the grain boundaries of the GdS and this will decrease the
barrier height barrier width. The decrease in barrier
height is indicated by the decrease of mobility activation
energy with rhotoexcitation as found by Micheletti and
Marku and this investigation. Tunneling is a consequent
result of the decrease in barrier width and this process
might become predominant at low temperature. However,in
most of our measurements, we believe that both tunneling 1
Petritz's conduction mechanisms exist in our GdS films.
For thick films, the carrier concentration did not
change with light intensity. But for thin films, the
carrier concentration changed with light intensity as shown
in Fig. 4.9. The increase in carrier concentration for thin
films is simply thought to be due to the creation of electron
hole pairs (holes are usually trapped). But for thick films,
the carrier concentration was quite high, the photogenerated
electrons are not significant.
In most cases (Fig. 4.10 Fig 4.11), the carrier
concentration was found to decrease very slightly with an
increase in temperature. This observed result is different
from the normal observations that carrier density increases
with light intensity for most semiconductor materials. This
may be due to the fact that density of electron trapping
centres increased with temperature more rapidly than the
therma1ly-excited e1ectrons from 11iese tr-m centres.
However, the change in electron density was found to be
small compared to the change in mobility under various
conditions as shown in Pig. ] . 3 to 4.11.
Normal chemical-gra.de (97-99$) thiourea., cadmium
chloride c a dm i u in iodide he-, ve been u s e d to to r err '.re our
Gd3 thin films, the existence of chlorine and iodine ions
wa.s expected. however the existence of a sma 11 amount of
other impurities such as Cu, Br, In, and Fe were also
unavoided. In, A1, G-a and halides are well known shallow
donors at 0.03 e7 below the conduction band edye and the
Cu Ay impurities are deep acceptors in cadmium sulfide.
This explains the high electron density observed in these
films and the relative independence of electron density
with temperature observed in our films. The donor levels
were really shallow.
6.3 'Effects of thickness Heat treatment
The results of our present work indicated that the
electronic properties of the chemically-sprayed CdS films
depends largely on the film thickness. Fig.4.13 illustrates
the change in resistivity with thickness, at room temperature
for several typical samples. Curve B shows that the average
photoresistivity decreased with thickness from 0.4 jj.m to
1.5 }im. However,the average photoresistivity increased
after 1.5 jim thick. This is due to the fact that most of the
photons (with the aporopiate energy rmye) fallen on the
sample were absorbed within a short distance The resistivity
behind this short distance was relatively high (approached
to dark value). This implies the higher resistivities
observed in our films thicker than 1.5 urn. As shown in Pig.
4.12 and 4.15 that the thicker films are moderately
photosensitive and have high carrier concentrations ( a
feature that seems to be common in all chemically-sprayed 0 L J
5 7
CdS films ' and is a consequence of the presence of a
high concentration of donor-type impurities like chlorine
or cadium). Most of the photoconductivity effect (about one
order of magnitude) is the result of a change in mobility.
The thinner films on the other hand are highly photosensitive.
Although the carrier concentration increases somewhat with
light, the most important contribution to photoconductivity
is from a change in the mobility has a light-to-dark
ratio of 10 to 10. Together with the increase in photo¬
sensitivity, the mobility becomes more temperature-dependent,
a feature normally found in many photosensitized thin films.
As the highly photosensitized state of the thinner films
is what one normally observed in films doped with photo¬
sensitizing centres like iodine and copper, the question
comes to why the thicker films behave differently. The
rise in the dark mobility with film thickness can be
explained by the following mechanisms:
(l) A lowering of the intergranular potential barrier
or an increase in the pre-exponential factor of Eqt. 2,19
has occured due to heat treatment effects in the long
spraying process resulting in an increase of carrier
mobility with film thickness, Such a change may be a
consequence of an increase in size of the crystallites, a
rearrangement of the intergrain boundaries to reduce
dangling bonds or electron trap centres or a reorientation
of crystallites with preferred axis of crystal growth.
Besides heat treatment effects of the samples during
spraying, it was observed by sevcral workers (e.g. F.V.
Shallcross ) surface crystallite size degree of
orientation increased as the films grew thicker for chemically
sprayed GdS thin films. Recrystallization of cadmium sulfide
thin films had been studied by many workers. Gilles and
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Cakenberge ~ recrystallized evaporated layer of GdS by
a two-stage process with the presence of a thin evaporated
6 9 7 0
layer of metal. A Vechet A. A pi ing f recrystallined —
CdS ZnSe thin films by simply heating the thin films
0 __ o
between 250 and 450 G in an inert liquid medium to which
an organometallic compound had been added. Chamberlin
Skarman pointed out that heat-treatment of chemically
sprayed films in an inert atmosphere typically resulted
in an increase in crystallinity with no significant change
71
in orientation. However, Dresner Shallcross used the
microcrystalliz cL tion technique to recrystal evaporated
GdS films. In their method, the GdS films were embedded
in CdS powder doped with copper or silver (acceptor) and
with gallium or chlorine (donors) heated between 250°
to 500° G from 1 to 90 hr. in air or argon. They found
that mobility depends strongly on the orientation of the
crystalLit e s but is only s1igh11y affected by their size.
7 2
On the other hand,Kazmerski et al found that mobility
denended strongly on grain size for in-plane -
parallel to substrate, electronic conduction. In this
research, we believe that both orientation crystal size
affect the mobility of our films. Some recrystallization
might be possible in our films in the presence of the
impurities such iodine. On the other hand, cadmium sulfide
can exist with either the hexagonal wurtzite structure or
7 St 7l
cubic sphalerite structure ? Normal CdS is hexagonal
wurtzite structure, but due to the existing of stacking
71
faults during the spraying of Gd'3 films some cubic
crystallitemay be formed. As pointed out by H.Holloway
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E. Viilkes 1 that cubic GdS is metastable in temperature
range 20° C to 900° C, as it might be possible to convert
this form to the more stable structure-hexagonal wurtzite
structure by heat treatment for thicker films.
(2) Chemisorption of gases like oxygen takes place
resulting in. the lowering in the observed mobility in the
thinner films. As pointed out by Bube that oxygen acts
as an acceptor, usually by surface effects as in II-VI
compounds. Air bake of a conducting evaporated layer
reduces the dark conductivity and the photoconductivity
but increases the lightdark conductivity ratio , in exactly
the same way as copper incorporation does. Oxygen molecules
are physically absorbed onto the OdS surface and a transition
from physical to chemical absorption then takes place.
Centres for oxygen absorption may be surface defects,
vacancies or even iodine-associated complexes. It is possible
that the centers play the roles of electron-traps and, when
filled (by capturing of conduction band electrons), will
raise the intergranular potential and lower the dark
mobility. As chemisorption of oxygen is more effective near
the film surface, the thicker films are less affected.
All the curves shown in Fig. 4.12- 4.16 agree to the above
explanations and similar results have also been obtained by
Mishelitte and Williams.
(3) The above discussion cannot explain the abnormally
high resistivity for films thinner than 0.5 pm. As the
films are getting thinner, substrate and surface effect are
important. The effect of surface scattering on the mobility
becomes significant when the number of carriers being
scattered, from the surface is much greater than the number
not being scattered. The expression accounting for the
effect of surface scattering is given by eqt. 2.12
It is clear from this equation that the mobility decreases
sharply when d is m-ch smaller than and if d surface
scatter trig i s un i mp ortant.
The effects of heat treatment can be used to supportL -
part of the arguement given in the previous paragraphs.
Prom Pig, 4.1o it is clear that heat treatment in N can
2
really increase the mobility and carrier concentration of
our thinner CdS films. The slight decrease in mobility for
prolong heat-treatment (see Pig, 4.16) may have been due
to the fact that oxygen has leaked into the furnance,Hence
the effect of ehemisorbed oxygen by these chemically sprayed
CdS thin films was significant- The slight. increase in
carrier concentration was accounted by the decrease in
surface states and trap centers (caused by oxygen absorption
and crystal defect) by heat treatment hence decreased the
probability for recombination.
In order to explain most of our results, an equally
likely mechanism is a combination of all the three effects.
This means that a structural change has occured in the
thicker films resulting in a reduction of chemisorption
;of oxygen. Such a structural change is most likely to be
the increase in the grain size crystal orientation. As
chemisorption takes place near the grain surface, a reduction
in the surface area (due to a larger grain size) and a more
compact structure will undoubledly reduce the chance of
oxygen absorption.
However, in this analysis, we tend favour the
explanation of chemisorption of oxygen as the main cause
for the observed low dark mobility in the thinner films.
It is beeause ehemisorption of oxygen is known to occur in
Gd3 films and this effect has been reported in other
(5
chemically-sprayed films. The reported lowering in the
carrier mobility due to chemisorption of oxygen (especially
in films less than 1 ppn thick ) certainly agrees with the
low observed mobility in our thinner films. Also, the
observed dark mobility in our thicker films is of the same
77
order of magnitude as that reported in evaporated films
where chemisorption of oxygen is not mentioned.
As a matter of fact, it would require a very disordered
film if our observed dark mobility in the thinner films is
the only results of structural disorder. It is true that
recrystallization orientation of the crystallites
probably take place during the slow spraying process. Instead,
we believe such structural changes have occured in our
thicker films and are responsible for the decrease in
chemisorption of oxygen. However, as reported by Wilson
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Wood , the effects of such structural changes in evaporated
films are normally quite small. The effects of heat-treatment
(300° G in a nitrogen atmosphere) shown in Pig. 4.16
indicate that the carrier mobility increases rapidly with
heat-treatment and reaches a steady-state value in above
five hours. The rapid increase in mobility has mainly been
the result of desorption of oxygen and the annealing of
surface centres defects.
Cha-nter VII
DISCUSSION: CdS-CuS SOLAR CELLS
7,1 Fabrication Parameters
'hen the CdS film is clipped into the dipping solution
at about 78°C, cuprous ions attack the surface of the film
the
and also rapidly diffuse downgrain boundaries. The reaction
takes place quickly at this temperature and even more
raridly along the grain boundaries, resulting in the
formation of a layer of cunrous sulfide alone the surface
of the grain boundaries of the cadmium sulfide film. Ity
was found by Lindquist Bube 1 that the thickness varied
roughly linearly with the dip time for single crystals.
This linear time dependence shows that the growth rate is
controlled by the interface reaction rather than by diffusion
through the CuS layer, for which thickness proportional to
the square root of time would be expected. The surface of
the copper sulfide layer was seen under microscope to contain
numerous micro-cracks perpendicular to the interface which
permitted continual passage of cuprous ion to the cadmium
sulfide. When the dip time was short, the CuS layer would
be very thin. It was found that V I were small for
o c s c
thin copper sulfide layer as shown in Fig. 5.2,. several
mechanisms ran account for this fact.
(i) If the Cu9S layer is thin, little absorption takes
place fcr photons energy less than 2.4 eV. The number
of electron-hole pairs generated in the Cu0S layer is small
hence the of electrons which can oass through the
interface to the OdS is limited. (Due to the window effect.
most of the photonsAwill miss through the GdS layer without
the generation of electron-hole oairs.)
(ii) The series resistance might be very high if the G1 x3
layer is getting very thin.
(iii) If the Gu0S is very thin, the probability for the
metal to short with the GdS layer is much higher.
(iv) Photons of energy greater than 2.4 eV are absorbed
by the OdS layer. The r.hoto -eneratecl holes can diffuse
across the interface to the Cu9S side to give somewhat
h i cr her out nut. Ho w e v e r t h i s c o n £ t r i b u t i o n is re 1 a t i v e 1 y
small.
If the Cu0S layer is too thick or the dipping time is(C
too long, the photons falling on the solar cell are mainly
absorbed by the front part of the Cu0S layer. Only those
electrons within one diffusion length near the junction
have the chance to diffuse across the barrier and to move
to the GdS to form photocurrent. This imrlies that only a
small fraction is absorbed by the junction for thick GuS
layer hence the photocurrent and voltage are small. Prom
this argu. ment, it is quite clear that if the diffusion
lengths were much longer, improved long wavelength response
would be expected with somewhat thicker films. The GdS films
used in these two figures were relatively thin (about 1. 2jU7n) fdnd
the short-circuit current would be further reduced ifCu 3
layer was thick because in that case the GdS layer became
very thin and the series resistance increased. On the other
hand, photon absorption with short wavelengths attenuates
very ouicklyAdistance. These photons will be absorbed very
close to the surface of the CuQS where the recombination
rate would be very high, IfA0uoS layer was thick, photovoltaic
effect contributed by short-length photons must be reduced,
It is also true that if the dipping time is too long, cuprous
ions will migrate through to the substrate, thus shorting
out the cell.
It has also been pointed out that dilute solution could
not yield good photovoltaic cells. This is because a higher
probability of djurleite (see heat treatment effect as well)
i
is formed at lower concentration of cuprous ions chalcocite
is formed only at higher concentration of cuprous ions, If
is also true that diffusion of cuprous ions down the gain
boundaries is assumed to be more dependent on the dipping
time than on the solution concentration.
7.2 Post Fabrication Heat Treatment Effects
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Heat treatment ' can cause a lot of changes in GdS
solar cells. However, from the experience of testing more
than one hundred samples under different heat treatment
conditions, we found that short time heat treatment of the
cells modified their properties in such a way that they
became more stab 1 e and rnore sensitive to 1 igh.t. For 1 ong
Q
time he a t t r e a t rr, e n t o r h eat tre a t m e n t a b ove 30 0 C , the
rhotoreseonse of the cells droned quickly. The changes
resulting from excess heat treatment bean a strong similarity
iq 75
to those caused by degradation 9 .
Several mechanisms relevant to the present investigation
can account for the changes induced by heat treatment.
(i) The most obvious effect of heating on a CdS-GuS .junction-
is to promote a diffusion of copper from the copper sulfide
layer to the cadmium sulfide layer. This implies that
eventually a high-resistivity, i-GdS layer is formed as
deep copper acceptors compensate the impurity or native
defect donors in the QdS. The introduction of this i-Cd3
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layer will reduce the instabilities which were observed
in the current voltage characteristics of a non-heat treated
thin film CdS solar cell made in this laboratory. If this
i-CdS layer is not present or is very thin carriers may
still tunnel through the barrier.
(ii) Heat treatment may help to induce more deep levels
responsible for the trapping of the positive charges near
the interface (this point will be discussed in detail under
the heading of I-Y characteristics ) of the CdS layer. On
the other hand, after the formation of the i-CdS layer,
holes trapped by the deep impurity levels get less probability
to recombine with the electrons in the bulk of the cadmium
sulfide. If the i-CdS layer were not present, the positive
charges may recombine with the electrons from the bulk of
the CdS through tunneling or by thermal activation.
(iii) lieat treatment improves the photovoltaic properties
by decreasing the shunt losses. The diode shunting effect
can be seen from the I-V characteristic curve. This will
be discussed in detail later.
(iv) The formation of the i-layer would lead to improve
CL,
optical absorption in vicinity of 0.7Ji m where it iswell
•known fact that copper-doned CdS has a broad maximum in its
photoconductive response. As pointed out by Bube all.et~~
(for their single crystal solar cells with thicker Cu9b
layers)that most of the photons in sunlight are absorbed
in the CuS layer. This implies that the above-mentioned
contribution would be quite small. However, because the
thickness of CuS in our cells is small(0.2 to 0.3 i), the
contribution given by the CdS layer is relatively higher
than those cells formed by thicker layeriof Cu?S
(v) It is clear that diffusion of copper from the copper
sulfide phase into the CdS to form the photoconductive i-
layer will automatically require a reduction in the copper
content of the GuS layer. This is especially important for
our cells for which the CuS layers are thin. Burton
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Window tried to relate sheet resistance with varying
stoichiometry of copper sulphide layer. They found that
sheet resistance increased sharply for values of x greater
than 1.95 in Cu S. It is because holes in copper sulfide
.A.
are due to copper vacancies and an increase in the sheet
resistance is due primarily to a. decrease in the hole
concentration. It. was also found that the absorption
coefficient of copner sulfide increased with sheet resistance.
The on-set of hand to band absorption (see spectral response)
in Cu9S was found at 1.2 eV for any value of sheet resistance
but the absorption coefficient was large for high sheet
resistance whereas the absorption coefficient was low for
low sheet resistance. It was found'also in this project
by many others that most of the spectral response curves
also showed a rise in current output as the energy of the
incident photons exceeded the second band edge of CuS
at 1.8 eV (this point will be discussed in detail in next
section). In all our heat treatment curves, we found that
an initial short period of heat treatment could increase
the photovoltaic response of the CdS-CuS solar cell.
Prom the above discussion and because holes are due to
copper vacancies , a significant reduction in hole concentration
(if there are enough copper ions) could result from the
diffusion of copper into the copper sulfide bulk from the
grain boundaries (this perhaps can explain why there is
a minor effect in single crystal GdS solar cell?with a
thicker layer of CuS for short time heat treatment). On
the otheJf'1 oxidation of excess sulfur at the copper sulfide 5te
can also cause an increase in resistance. The decrease in
photovoltaic response of the CdS-Cu S solar cell for long
.,X.
periods of heat treatment is related to the absorption
coefficient of the 0uoS layer. After long period of heat
treatment, a thin copper oxide layer may be formed on the
Cu S surface, resulting in a depletion of copper in the
film bulk. However the diffusion of copper into the Cd3
to form i-CdS layer will surely reducethe concentration of
copper result in an increased carrier concentration in
the copper sulfide layer.
(vi) Since Cdo-OuS is a heterojunction, due to the difference
in lattice constants and coefficients of thermal expansion
between copper sulfide A cadmium sulfide, dislocations and
dangling bonds may appear. This enhances recombination and
reduces efficiency of the cells. After short periods of
heat treatment, the stress between the two layers may change
t h2
andAnumber of defects is reduced.
(vii) The last a less important effect of heat treatment
is that this can remove water molecules from the barrier
layer.
It is a well known fact that the mechanism governing
the operation of Cd3-Cup3 solar cells is very complicated,
we Lelene that a combination of the above mechanisms must
be involved in the heat treatment phenomena of Odd solar
cells.
7 - 3 Thickness of Substrates
The increase in I with thickness is to be expectedS C L
since ens the thickness is increased, the series resistance
is reduced. This can be seen from equation 2.37
A further proof of the importance of series resistance in
our cells can be seen by comparing curve A and curve B in
Fig. 59. Even though there is some scattering in the data,
the general trend is obvious: the short circuit current
nearly doubled its value for an increase from 5 electrode
per cm to 10 electrodes per cm. Open circuit voltage was
found to remain roughly constant for cells with OdS layers
less than 3.. 5 |jm. The reason for this can be seen from
eqt. 2,37 as well. If = 0? VQ must be independent of
series resistance R . However, if the thickness of the GdS
s
layer increases, V decreases slowly. Prom the studies of
' oc
I—V characteristic curves of these ce!3_s, we find that the
reduction of V was directly associated with a decrease
oc
in shunt resistance. This implies that when the thickness
of the GdS film increases, the chance of shunting is
increased. As pointed out in the previous chapter that the
crystallites for thicker films might be larger than the
crystallites for thinner films, A structural diagram for
(32-3 7)
GdS is shown in Fig. 7.1. From a brief studies of the dipping
time for single crystal in other research , it can be seen
that the dinning time for single crystal is much loncer- v»—j ... -
than the dipphjtime for polycrystalline films. A simple
test had been given to estimate the thickness of the Cu9S n.
layer formed in this research. Several pieces of GdS of
about Ijjtfiithick were out into a trough of dipping solution
11 tin d
with a concentration of 2 gmlitre, 3 to 12 seconds was
required to convert the whole GdS to Gu93. Assuming a
linear reaction rate as discussed before, the thickness of
GuS layer should be 0.2 pm to 0.3 pm in our cells. However
m r
it was reported by others ' 1 that the dipping time for 10 pm
Cu9S in single crystal was about 30 min in a dipping solution
a c
vithhigher concentrationvGuGl. Vhen a polycrystalline GdS
is dinned into a hot solution,cunrous ions attack the
' ' the
surface of the film, hut they also leak rapidly downAgrain
boundaries. If the size of the crystallites is small, the
crystallites are effectively attack by cuprous ions from
all surfaces. This shows that the reaction can take place
much more quickly in polycrystalline thin GdS films. If
the size of the crystallite is large, reaction is still
fast at the grain boundaries, but at the middle of the ton
surface of the crystallite, the reaction is slow (similar
to single crystal) resulting a very thin layer of Gu9'3
after dinning. This gives a shunting path for the cell and
the absorption in this thin layer is small hence leading
to the low values of V I0.O w ok
7.4 Spectral Response
The results of spectral response presented previously ca.n
be used to sunsort the aryuement given in the previous
sections. All the curves increase rapidly at about 1 um,
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this is attributed to excitation across the indirect gap
of Cu0S layer which is 1.2 eV wide. The peak at 0.6 to 0.7 pin
can also be explained in terms of excitation across the
or. the
1.3 eV direct band gap c ' ofCuS. The peak at 0.49 pm is
associated with band to band transition in the CdS. It has
been pointed out that for front wall cells, most of the
photons were absorbed in 0uoS layer, the enhancement atcL
0.49 pm implies that the CdS layer started to absorb photons
which was left from the 0uoS at this wavelength. The
photovoltaic response drops quite rapidly for wavelength
shorter than 0.4 pm because surface absorption is significant
for high energy photons. Minority (electrons) carriers
generated close to the Cu9S surface have a greater probability
of recombination because x their higher concentration in
excess of the equilibrium values.
An unbaked cell showed small response for long wavelengths
and relatively large response between 1.8 to 2.6 eV. This
response was due to the absorption in the copper sulfide
layer (chalcocite djurleite) with additionContribution
by CdS for wavelength shorter than 0.49 pm. After baking
for a short while, the spectral response was found to be
broad and the whole response curve lifted upward. The sharp
increase in the response from 1 pm to 0. bjjJTiwas due to the
13 19
formation of chalcocite T which has an indirect absoration
edge at 1.2 eV and an direct absoration edge at 1.3 eV. TheJ
increase in response of the shorter wavelengths was due to
i cj
the fact that chalcocite has a higher ab so ration coefficient
and the contribution by Odd was increased after the
rearrangement of the interface by beat treatment, '-hen the— '.j
cell had been over heat-treated, the long wavelength response
dropped rapidly. This is due to the formation of djurleite
cc other copper sulfide with copner aeficiencies It was
30
found by Nakayama others that the energy gap for
djurleite is 1.5-1.8 eV whereas for other Gu 3 systems theX
energy gap was found to be higher for lower values of x
(for example, E for Cu., Qd is 2.3 to 2.6 eV) . The reduction
Q X O
in spectral response for shorter vavelenf' was due to~ f
the fact that prolongheat treatment could result in a
relatively thick layer of i-CdS, the absorption by the Odd
layer was thus reduced the absorption of djurleite was
low. Studies of 1- V characteristics also reveal that shunt
resistance was small under the illumination of light with
short wave lengths, this is especially true for cells with
long time heat treatments.
The spectral response for cells doped with iodine is
very similar to cells without doping. Dopants might help
to reduce the junction width and improve the extrinsic
response. However the srectral response for cells doped
with iodine is very similar to cells without intentional
doninoT the values of V I were also found to be
0 c s c
roughly the same tn both cases. With HG1 InnCl., the
' ' h j
response on the long wavelength sensitivity was reduced and
on the whole, the response peaks were narrower. It was also
found that short wavelength response for In9Cl7 doped cellsf- J
the response at 0,6 pm for HOI doped cells were relatively
small. We suggest that donor dopants may constitute a source
of recombination centres for the photoexcited carriers. No
particular benefit could be derived from, using these impurities
to achieve the optimum results for our chemically sprayed
thin film cells.
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The response of the frontwall GdS solar cells matches
the more energetic portion of the solar spectrum, ranging
from the ultraviolet at about 0,25 pm to the infrared at
about 1.2 pm. Most cells have major peaks at 0,49 pm dhd clre
associated with the energy band of cadmium sulfide and a
second peak in the red at about 0,6 to 0.7 pm. However,
for backwall cells, there is a short wavelength cutoff at
and below 0.5pm, This is due to the absorption of photons
with energy higher then 2.4 cV by the bulk of CdS. The
increase in response for long wavelengths (above 0.5 pm) is
due to the fact that most photons after passing through
the bulk of the GdS layer (by window effect) are absorbed
near the junction. When a reflector is placed at the bulk
of the solar cell under frontwall operation the photons
(the portioriSwhich ar not absorbed by the GuS interface)
with energy less than 2,4 eV having pas. eel. through the bulk
of the Cd3 layer will be reflected back to the junction,
while the photons with oneray greater than 2-A eV will be
absorbed by the CdS. This can be used to explain the obvious
increase in photoresponse for long wavelengths when a white
filter paper is placed at the back of a solar cell. This
leads us to infer that the performance of our cells might
be improved when the back of these cells are painted witK
silver.
During the measurement of our cells, transient effects
in-34 17 3i
were also observed as noted by many other studies ? ' J ~
jcr
This effect was not so obviousJunbaked cells, ,hen a baked
A
0.
cell was illuminated with A mon o chroma tic light the short
circuit current increased rapidly to the initial value, but
thereafter changed slowly (usually less than 5of the
initial value) with time to reach a steady state value. No
curve had. been shown for such a situation because the results
obtained, for more than ten samples were quite scattered and
and no typical examples could be found, in our cells. This
might be due to the fact that our cells were not single
crystal? and unwanted impurities might be present as well.
However, the general trend is that the steady state value
was larger than the initial value for short wavelengths
while the converse was true for short wavelengths. But some
cells showed a decrease in value under steady state condition
for all wavelengths. However the above phenomena ,can still
lead us to infer that the existence of framed charges in
the junction region must play a significant role in the alwpticH
mechanisms of our thin film cells, This point is discussed
in detail in the next sections.
7.5 Effects of Variable Intensity on V Itil. i -
Prom eqt. 2 .2 j
It is ouite clear that i _ decreases linearly with
decreasing: intensity while
decreases logarithmically for ideal solar cells. The above
two eonations was found to be true in our GdS thin filmJ-
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resistance is relatively unimportant, hut when the light
intensity is low shunt resistance has a strong effect,
since a leakage current comparable to the photo current can
strongly reduce the voltage output. If R is high for eqt.
12j series resistance is relatively unimportant at low
light intensities since ( - J R )
sc s
loss is small, but at high
light-intensity, (~J
sc
R ) loss is large, therefore R can
s s
reduce short circuit current seriously. In general, as the
intensity is increased at constant temperature, the current
output increase linearly but the voltage output increases
logarithmically; the shunt resistance becomes unimportant
at high intensities but the series resistance can have a
drastic effect,
7.6 I-V Characteristics
Before heat treatment, most curves exhibit poor I-V
characteristics. Shunt resistance is the most important
limitation to the cells. After heat treatment, nearly all
cells shows improved characteristics as shown in Fig. 5.18.
However, the series resistance of our thin film solar cells
were relatively high (15 to 30C
2
cm'). For overheat-treated
cells, shunting resistance was found to be extremely low
(especially under illumination), we believe that this was
due to the shunting paths developing across the CdS film
by the diffusion of copper along grain boundaries.
The series resistance of solar cells may be defined as the

















where jL is a constant depending on the current flow
mechanism., If J and R are small and the diode is underO P.






(R , is large)
sn
The shunt resistance may also be defined as the slope
of the I-V curve near the voltage axis under reverse bias
Similar to equation 2.37a, we may write
.t






- 1 in the dark.




Since can be found by the above definition, J . can be
s ° o
found by plotting the logarithm of J,. , against (V, !).After
the measurement of more than 100 samples.
T
C . T ' Q
n.n r (which is the apparent potential of the dart
I-V curve)a to vary from device to device, was
found to vary from 10 to 30. J had the value between 10 tc
1 c A 'fin
r
whereas was found to be 15 to 30C 'cm for
most cells. 1
sh was usually very large (from 500K to 20M cm
in the dark and was found to be more than ten times the value
of R under illumination,
s
The apparent barrier height in the dark was found to
increase with heat treatment time for most samples. As
s h o vn i n P i g. 7« 2 increases quite rapidly for short time
heat treatment and saturates for long time heat treatment.
This effect suggests that diffusion of Cu inside Odd may
play a significant role in the mechanisms of the barrier
height. Several dark I-V curves (forward) for different
temperature had dW measured as shown in Pig. 5.19
for a typical cell. The slopes of these curves were nearly
constant or the slope of these curves were not dependent on
temperature. This shows that most of our better cells were
dominated by the mechanisms of recombination tunneling
(see Chapter III). However, for some of our poor cells and
over heat-treated cells, the slope increased slowlv with
_L J
decrease in temperature. This illustrates that diffusion
current might be important in these cells and the conduction
current could be written as
J rz J
ol






o2 depends on the fabrication parameters
the interface.
The donordor co of V
oc
on temperature was
attributed to the change in J in eqt. 2.32 which was found
to decrease with temperature as shown in Pig. 5.1 This
is the reason for the increase in V
oc
Gross-Over effect
Perhaps, one of the rmst interesting characteristics
of GdS solar cells is the crossover effect of the light 1
dirk curves as shown in Fig, 5.13b. At a first glance, this
anomalous intersection of the current—voltage characteristic
seems to be due to a series-connected photoresistor (the
i~CdS layer). But this explanation is inapplicable to this
case because the intersection always occur in the exponential
parts of Ihe curves and the change in series resistance
for some of the best cells is very small under varies
illuminations and in the dark. The explanation given by the
Clevite group is not adopted also, for the unusual 11 hump
in the GdS conduction profile in the dark can hardly be
~x A i g
accepted and it was found be Linguist ? that the cross¬
over effect was not present in the non-heat-treated cell
for which i-CdS lay e r was also present.
In order to get a better insight to this phenomenon,
a series of experiments were carried out. Fix. 5.20 shows
that the intersection does not change very much with large
changes in high light intensity. Fig, 5.21 illustrates
clearly that the apparent barrier height, is greatly
affected at low light intensity and saturates at relatively
O
high (maximum intensity 8-15 wattscm) light intensity.
The above phenomenon can be explained in terms of
5 2-55
acceptor impurities trapped near the interface as
suggested before(under the section on Spectral Response).
It is suggested that after the formation of the junction
there is a number of deen levels located very near and at
the interface of the cell. It is possible that these deep
impurity levels may be due to native imperfecta.? in cadmium
sulfide or defects in GdS located near the CuS-CdS interface
caused by lattice mismatch strain during cell fabrication.
However, we believe that this is mainly due to copper
centres diffused into the GdS during the dipping processes.
Furthermoref these deep levels penetrate further into the
GdS with heat treatment and the number of these deep levels
also increases by Gu diffusion from the CuS. Many results
obtained in our thin film solar cells can be explained by
the existence of these trap levels. Positive charges trapped
or detrapped from these levels are responsible for the
observed transient effect in the spectral response or under
normal . illumination. For nonheat-treated cells dA. room
temperature, the i-GdS layer is negligibly thin and the
number of deep levels is small, trapping effect is relatively
unimportant and the current is dominated by tunneling both
in the dark light. However, for heat treated cells, charge
trapping in the interface plays a significant role. vVhen
the cell is under illumination, the barrier height of the
junction remains fixed but the generated electron hole pairs
will charge up the deep levels with holes. These trapped
positive charges can reduce the wixtth of the depletion
region. This decrease in depletion layer width implies an
increase in the electric field at the interface. The nassaee
of the photoexcited electrons, from Gu?3 into GdS is assisted
by the relatively large electric field. This will increase
the tunneling probability and decreasing the time which
the electrons snend in the interface region A high
probability of recombination through interface states. In
the dark, the presence of accentor impurities wider the
depletion layer so the tunneling processes responsible for
the forward current are greatly reduced. This increase in
the forward current due to decreasing the depleting width
with illumination may be used to explain the observed
crossover effect. Several samples had also been used to
compare the dark- photocapacitance of the junction, it
was found that capacitance increased sharply after illumination
this conforms the above arguement that depletion width
decreases with illumination.
Prom Pig. 5.24 5.23 it is observed that 0.51 m
wave1ength c an reduce to the minimum even though its
intensity is relatively small. On the other hand, the
relative intensifies of the wavelengths above 1 i m is high
but the reduction in can not be seen. The cut in wavelength
for the reduction ofO.3 to 0.9 Um in both figures,
this shows that the hole trap levels are situated
approximately 1.4- 1.6 eV from the conduction band of the
GdS. Since the peak response is at 0.5 um (Pig. 7.3), we
also conclude thatmmoct nossible rath for trarinp holes
under white 1ight illumination is that electron-holes are
generated by intrinsic band to band excitation in the
i-Gdo layer then the ahotogenerated holes are trapped
at o r near the int e rfac e,
7»7 Proposed model for our chemically sprayed thin film— —' 1 — 11 . - _ - _ fcn .
G u 9 3 C d 3 H e t e r o j un c t i o n
The phsical significance of the experimental
observations has been discussed in the previous sections.
In order to give a satisfactory model to account for the
above phenomena, the following points have been
considered.
(1) Most of our cells have spectral response ranging
from 1.2 p m to 0.4 pm, The threshold response
at 1.0 pi m and the peaks at 0.68pm 1 0.49 pm
are due to the absorptions by the indirect
direct band gaps of the Cu93 and the band to band
excitation of CdS,
(2) A small portion of the response is due to the
extrinsic absorption in the i-CdS layer near the
band gan. .A-
(3) Transient effect observed under illumination is
due to the trapping detrapping of positive
charges in deep centres in the depletion layer,
(4) The trapped positive charge increases the measured
capacitance by narrowing the cadmium sulfide
C i O r l r 4- 4 1 O t r • -y
( 5) 3irico CX'is independent o f tem00ra. t u re f 0r non-
heat-treated s 1 igh11 y hea,t-1recited cells,
tunneling mechanism is a significant feature for
these cells, Tunnelling also account for theJ — —
greater forward current under illumination than
in the dark.
(6) Because djurliete has a large energy mar and a lower
(19)
absorption coefficient v , 0ver heat-treated ce11s
n
are poor . efficiency and have higher diffusion
potentials,
(7) A direct consequence of heat treatment is the
formation of i-CdS layer ( the i-CdS layer before
heat treatment is very small)„
(8) The diffusion potential is greatly affected by short
wave 1 engths. (approximat e 1 y 0 . 8 5 }i m)
(9) The work function of cadmium sulfide and cooper
SU 30
sulfide are taken to be 46 eV 5,4eV respectively
(10) The numbe r 0 f int erfa c e states becomes sma11er
after heat treatment whereas the number of deep
trap levels is small before heat treatment.
(11) The major mechanism of our thin film CdS-CuS
is duo primarilv to the generation of electron-1 ' 1 '
the
hole pairs in the 0uo3 layer, followed by transfer
of the photoexcited electrons across the interface
the
into.CdS, A small portion of the contribution
is clue to the generation of free holes in the fcLS
by excitation out of the impurity centres, or bcvnd
to band excitation of the CdS layer.
(12) The dark diffusion potential varbo from 0.6 to 1.2
V for normal cells while values as high as 1.3
to 2,4 V ha also be recorded for over heat-
t re at ed cells.
The band diavr .ms for the chemically sprayed Cu S-xf J -L C «» v X
CdS thin film solar cell are deduced an shown
in Fig 74. This model is consistent with the above
experimental findings. Basically, the model is a
heterojunction between p-type Cu 3 and n-type CdS andX
at the interface there is a thin layer of compensated
i-CdS. The intermediate i-CdS layer acts as a gate
to the flow of carriers. The width of this larger is
controlled by deep imperfection levels diffused inside
the cadmium sulfide whose occupancy can be modulated
by light.
Figure 7.4a illustrates the band profile for non-
heat-treated cells. The diffusion of copper into the
CdS is small hence i-CdS layer is extremely thin the
Cu, S is a degenerate p-type semiconductor which is composed
of CuS (chalcocite ) mainly. An indirect band gap of
1.2 eV is assigned for CUpS whereas the direct band gap
is also indicated to be 1.3 eV. The photogenerated
electrons diffuse across the i-CdS to the back of the
n-tvoe Oris, A small portion of the contribution is riveno x.
by the diffusion of holes from the i-OdS layer A the n-j
tyoe CdS layer to the Conner sulfide. The dark linhtK J X.' t 1 - -
current is significantly dominated by tunneling
mechanisms for the i-CdS layer is extremely thin.
Short heat treatment of the cells at 290°C causes CL
rapid diffusion of acceptor imperfections as discussed
before« Compensation of the CdS by the charged acceptor
states changes the band profile. When the cell is under
illumination with photons of sufficient energy ( 1.4
to 1.5 eh) to excite electrons from hole trap centres,
this will decrease the depletion width restore the
forward current near its preheat-treatment value as
stated before. It is also shown in the second diagram
©f Fir. 7.4c that the Fermi level has to split uo to formC— J-
quasi-Fermi level under strong illumination. As stated
before, the majority carrier density in the Cu 3 is greaterv_' s. vA.
than the majority carrier density of CdS. This implies
that spread of the quasi-Fermi level in CdS is larger than
- . a C La Cl) .
Since n = n. e
X
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the junction- is alt creel by the amount of the applied
v o 11 a g g V , i t f o 1.1 o v. s t h a. t t h e r i u-1 g i -- P e r m i 1 e v e 1 f o r
o
electrons in the n-region will also be displaced from the
ouasi—Fermi 1 eve 1 fcr holes in the far p- region by theJ
n ti -nli p H v n 1 +: n p p
Tunneling probability is greatly reduced by the
incorporation of copper in the i-CdS lawyer- Since the barrier
is wide, the dark f or ward current is mainly due to thermal! yj — »j
emitted electrons diffused over the barrier. This is the
reason for the observed 1.2 V diffusion potential in the
dark for some cells. Hoaever, piecewise tunneling through
the interface states is also possible wnen the barrier width
is not too wide. This reduces the observed barrier potential.
Optical excitation with phot n energy above 1.5 eV decreases
the barrier width, as holos wil 1 tend to be trapped, at the
Cu level white electrons tend to d if'.use out of the i-Cdd
Vvhen the cell ha s underjo-e. long time heat treatment
(e.g. 790 minutes at 290 1'), most of the Cu S have hn
converted to djurleite or Cu 3 with a higher value of x
£s6c£jiytur)
as illustrated in Pig. 7. 4d [his jyudW) -Usl ( higher values
of dark diffusion potentials observed.
The effects of rain boundaries has apparently been
neglected in the above model. but those effects did nlay
-L? fj
a significant role in our cells. Just like interface states,
the effect of the grain boundaries in thin fi1m cells varies
from cells to cells. 0-enerally, they are mainly responsible
for the shim tiny effect of our thin film cells they offer
great effects in the fabrication processes as described
hence they affect the experimental results leading to the
above model .
n ;Q r Tl'i a '•t' a 1 r-,
As it was -pointed out at the b em inn in .r of this rerortj- '
that one of our aim is to bail J up a model to govern the
operation of our chemically sprayed thin film CdS-CUpS
solar cells , no intention has been given to build up a
general model to explain the basic mechanisms of CdS-CuS
solar cells since this should be carried out in single
crystals where side effects are of minor importance.
Nevertheless? our model might be found useful to explain
many phenomena (e.g. cross-over effect, spectral response)
of CdS-CUpS solar cells made by different methods (especially
for thin films)„ However the discrepantes between our model
3 3 3 ?
and some well known models ~ -j - can be seen apparently.
For example, most of our rrmmnicnts are essentially m
th€
agreement with the ideas of A-Jtanf ord model, although
Fabrenbruch Bube explained the ho at treatment degradation
effects in terms of Optochemical changes in the Odd depletion
3 aver associated with undiffused Cu accentors while we
prefer to explain the heat treatment effect bv the form tion
of an i-Cdo layer the trans formation of the Cu 3 rthase.
u . y X JV
Possible reasons for the differences may arise from the
fact that different materials fabrication methods had been
used to fabricate solar cells. Itabrerbruch el al used
single crystal GdS substrate5 with 10 jjl rn 0uo3 vhi le we used
chemically sprayed CdS thin film substrate (about 2 p. m thick)
with a 0.2 fx m layer of 0uo3. The thermally restorable optical
degration effect (TROD) can not be studied at all in our
cells and the transformation of Cu0S after heat treatment
is almost certain since the copper sulfide layer for our
thin film solar cells is only 0.2M- m thick.
PiCT.re Cautions
7.1 Structural diagrams for CaS thin films and solar cells.
7.2 The apparent barrier height , in the dark versus the
the time for heat-treatment.
73 Relative apparent barrier height as a function of
wavelength. (The curve has not been corrected for the
distribution of energy with wavelength of source, see
table 5.2 for relative intensities used.)
7.4 Proposed Model for the chemically sprayed Cu0S~CdS
Heterojunction
(a) Before contact
(b) No heat treatment
(c) heat-treated conditions
(d) Over heat treated conditions
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(d) OVER HEAT TREATED CONDITIONS
FIGURE 7.4
Chapter 8 Conclusions Summerry
8.1 Chemically sprayed CdS thin films
The chemical spraying technique has been applied
successfully to depo site polycrystalline CdS thin films.
Thermo electric and photo--thermoelectric techniques have
been used to measure the carrier mobility and the carrier
concentration. In summing up our observations in
chemically- sprayed CdS films, the following conclusions
may be drawn:
(1) In order to obtain reasonably good chemically
sprayed CdS thin films, the deposition rate should
0
be less than 400 A /minute and the substrate
temperature should be between 2700 C and
3800 C.
(2) Electronic properties of the chemically-sprayed C_dS
films depend largely on the film thickness. The
dark conductivity of our films thinner than .6 pm
are extremely low whereas the dark conductivity
for films above 1p m thick are relatively high-
( three order of magnitude higher than the thinner
films)*
C3} The change in conductivity (due to photoexcitation
or film thickness) of our films is mainly related
to the change in mobility. This change is consistent
with the Petritz grain-boundary and the surface-
scattering theories.
(4) The as-prepared films normally have a high carrier
concentration ( 10 - 10 cm ~) and a light
mobility probably never exceeds a tenth of the single
2
crystal, value of 300 cm- volt-sec,
(5) The thicker films are less photosenitive compared
with the thinner films. They have a higher dark
mobility presumably are structurally more stable.
(6) Ghemisorption of oxygen is important in the thinner
films, (less than 2.5 microns thick) and is one
of the main causes for the observed low dark mobility.
(7) Heat treatment in nitrogen atmosphere can cause
oxygen-desorption and as a consequence, the
mobility can reach values comparable to that of
the thicker films.
8.2 Cu-GdS thin-film solar cells
VVe have verified that chemically sprayed cadmium sulfide
thin film is a suitable material for making CdS-CugS solar
cells for terrestial applications. The fabrication techniques,
physical properties and mechanisms of our thin films solar
cells can be summarised as fellows.
(1) The maximum short circuit current open circuit voltage
2
under the illumination of a 100 mWcm light source were
2
found to be 6.2 rnAcm 0.43 V respectively.
(2) Fabrication requirements necessary to make good CdS-
CuS cells are shown as follows
(a) Best substrate temperature of formation is 340°C.
(b) Spray rate must be low: 70 A CdSmin
(c) The atomization from the nozzle of the spraying
head must be extremely fine,
(d) Optimum thickness of the GdS thickness is 1.8 to
3.8 m.
(3) Effective parameters useful to fabricate good GdS solar
cell include:
(i) Dipping solution concentration: 2 gm CuCllitre
(ii)Dipping time: 2-2.3 second
(iii) pH value of the solution: 2.5
(iv) temperature of the dipping solution : 78~80°C
(v) post fabrication heat treatment: 15 min at 290°C
or 15 min at 250°G + 5 min at 290°G
(4) Both InO 8c SnO are found to be suitable substrates for
solar cell applications,
(5) No particular benefit can be derived from using dopants
(I0, InCl-., HC1) for our cells.
2 j
(6) The transient 8c cross-over effects can be explained by
the trapping of positive charges at near the interface at
1.5 eV from the conduction band.
(7) 'he threshold of high photo response at 1 Am and the
observed peaks at 0.68 m 0.49 aa m are mainly due to the
absorptions by the direct 8c indirect band gaps of the copper
sulfide and the band to band absorption of the cadmium sulfide.
(8) Tunneling mechanism plays a significant role for our cells.
(9) The extrinsic spectral response of the CuS-GdS heterojunctior
is due primarily to the generation of electron-hole pairs in
the OuS layer, followed by transfer of the photoexcited
electrons across the interface into the GdS, A minor contribution
is due to the band to band the extrinsic generations of
electron-hole pairs near the junction in CdS.
(10) Interface states, grain boundaries and deep levels are
sensitive to heat treatment. However the diffusion of copper
?n.dy
out of the copper sulfide and into the cadmium sulfide a to
and A
widen the barrier layer will automatically require a reduction!
in the copper content of the thin (0.2y ) CuS layer at the
junction. The loss of copper in CuxS layer and the deep hole
trap levels at the intermediate layer is accounted for by
observed the heat treatment effects in our cells.
(11) A proposed band con-figuration has be constructed found
to be consistent with most of properties of our cells.
To summarise our results, this method offers the
advantages of low cost easy to fabricate solar cells but they
are suffering the majm problem from shunting paths developed
across the CdS film by diffusion of copper along grain
boundaries. Further research should concentrate to find a
method to dope or to convert the characteristic of the CdS
during spraying or by post spraying treatment in such a way
that the penftration of cuprous ions through the grain boundaries
is slow down so that the shunting effect of the cell is
minimized. However, immediate improvement for the performance
i h e
of our cells can be made by (i) reduc ingAreflection losses
by coating a layer of SiO, (ii) reflecting back the transmitted
light to the junction by coating a layer of silver at the
back of the cell and (iii) decreasingseries resistance by
210
increasing the number of electrodes per cm and (iv) decreasing
the width of the electrodes to get more active area.
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